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ABSTRACT. The bacterial cytoplasmic membrane is the most inner bacterial membrane and is 

mainly composed of three different phospholipid species, i.e. phosphoethanolamine (PE), 

phosphoglycerol (PG) and cardiolipin (CL). In particular, PG and CL are responsible for the 

negative charge of the membrane and are often the targets of cationic antimicrobial agents. The 

growing resistance of bacteria towards the available antibiotics requires the development of new 

and more efficient antibacterial drugs. In this context, studying the physico-chemical properties of 

the bacterial cytoplasmic membrane is pivotal for understanding drug-membrane interactions at 

the molecular level as well as for designing drug-testing platforms. Here, we discuss the 

preparation and characterization of PE/PG/CL vesicle suspensions, which contain all the main 
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lipid components of the bacterial cytoplasmic membrane. The vesicle suspensions were 

characterized by means of small angle neutron scattering, dynamic light scattering and electron 

paramagnetic spectroscopy. By combining solution scattering and spectroscopy techniques, we 

proposed a detailed description of the impact of different CL concentrations on the structure and 

dynamics of the PE/PG bilayer. CL induces the formation of thicker bilayers, which exhibit a 

higher curvature and are overall more fluid. The experimental results contribute to shed light on 

the structure and dynamics of relevant model systems of the bacterial cytoplasmic membrane.  

Keywords: cardiolipin, lipids, biomembranes, dynamic light scattering, small-angle neutron 

scattering, electron paramagnetic resonance. 

 

Introduction 

The bacterial cytoplasmic membrane is the most inner bacterial membrane and is mainly composed 

of lipids and proteins that are responsible for vital biological functions. Because of its fundamental 

role in the bacteria life, the cytoplasmic membrane is often the target of several antimicrobial 

agents, which are mainly designed to interact with its lipid components. 1 The bacterial cytoplasmic 

membrane has a simpler lipid composition than eukaryotic cell membranes 2, although it still 

includes several different lipid species. In particular, phospholipids are the most abundant and can 

be divided into three principal categories according to their headgroup chemical composition: 

phosphoethanolamine (PE), phosphoglycerol (PG) and diphosphoglycerol (DPG) lipids. 3 

Different acyl chains are bound to the above listed headgroups and typically exhibit 12-20 C atoms 

and have 0-2 unsaturations. 4 Among the phospholipid acyl chains, cyclopropane fatty acids are 

also present, and they are more common in Gram-negative bacteria 5.  
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PE and PG headgroups are typically bound to two acyl chains and form di-tailed phospholipids. 

On the other hand, the DPG headgroup is normally associated with four acyl chains, forming the 

phospholipid known as cardiolipin (CL). Although, CL is a minor component in both eukaryotic 

and prokaryotic membranes, its important biological function is believed to include segregation of 

membrane domains, cross-linking of protein subdomains and formation of non-lamellar 

structures.6 The amount of the different phospholipid species in the bacterial cytoplasmic 

membrane is highly variable from one bacterial type to another and it is also subject to change 

depending on environmental conditions such as pH, osmotic pressure, and temperature. In general, 

the PE content varies from 30-70 mol % of the total lipids in the cytoplasmic membrane, while PG 

and CL content is in the range of 20-60 mol % and 5-25 mol %, respectively. 7 

Because of the increasing resistance towards conventional antibiotics, the development of new 

and more efficient antimicrobial agents is a growing research field. Most of the proposed 

antimicrobial agents target bacterial membranes and induce their lysis 8. However, understanding 

drug-membrane interaction at the molecular level requires a detailed characterization of the 

physico-chemical properties of bacterial membranes.  

In general, direct investigation of biological membranes with biophysical and physico-chemical 

methods is often limited by the compositional complexity of the native membranes, which prevents 

the production of samples fulfilling the requirements of the characterization method of choice, e.g. 

low polydispersity or incorporation of a probe. From this perspective, model membrane systems, 

such as vesicles, offer several advantages including controlled and tunable composition and size 

distribution, which enable the correlation between the concentration of a specific membrane 

component and the observed membrane properties. Here, we discuss the structural and dynamic 

characterization of small unilamellar vesicles as model systems of bacterial cytoplasmic 
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membranes. The investigated vesicles were prepared with tertiary mixtures of 1-palmitoyl-2-

oleoyl-sn-glycero-3- phosphoethanolamine (POPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-

(1'-rac-glycerol) (POPG) and CL (Figure 1), which include the three main lipid classes composing 

the bacterial cytoplasmic membrane, and therefore are a biologically relevant model system.  

Most of the physico-chemical and biophysical studies on lipid bilayers mimicking the bacterial 

cytoplasmic membrane focused on the behavior of only 1-2 lipid components. The phase diagram 

of pure PE and CL systems was investigated in detail 9, 10, 11, 12, 13. Both these lipids are characterized by 

a cross-sectional area of the headgroup region smaller than the one associated to the acyl chain 

region, therefore exhibiting an overall conical shape (Figure 1). The molecular shape associated 

with the PE and CL lipids is responsible for their tendency to form inverse hexagonal phases under 

certain pH and ionic strength conditions. In the bacterial cytoplasmic membrane, PE and CL lipids 

favor the formation of high-curvature regions and CL, in particular, is accumulated at the poles of 

the cylindrical bacterial cells 14, 15. The binary mixtures PE/CL, 12, 16, 17, 18 PC/CL, 18, 19, 20  PE/PG, 20, 21, 22  and 

PG/CL 23 have also been previously characterized by means of several techniques, such as 

differential scanning calorimetry, X-ray scattering, fluorescence spectroscopy, surface-sensitive 

techniques, Langmuir isotherms, atomic force microscopy, infrared spectroscopy, as well as 

molecular dynamics simulations. In the above- studies, PE, PC, PG and CL lipids with different 

composition of the acyl chains were used: PE, PC and PG exhibited acyl chains with 14-18 C 

atoms and 0-1 unsaturations, i.e. oleyl, palmitoyl, myristoyl fatty acids, while CL lipids were either 

tetramyristoyl-cardiolipin (TMCL) or bovine heart CL. Although the acyl chain composition is 

responsible for specific physical properties of the lipid bilayer, a general description of the effect 

of cardiolipin on phospholipid bilayers can still be extrapolated. Addition of 5-20 mol % of CL to 

PC, PE and PG lipids results in the formation of stable lamellar phases. In the binary mixtures of 
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CL with PE, PC or PG lipids, the favorable hydrogen bonds between the CL headgroup and the 

surrounding phospholipid headgroups retrieve the PE, PC and PG lipids around the CL molecules13. 

As a consequence, the bilayer thickness is increased compared to pure PE, PC, PG bilayers. A 

similar condensing effect was previously reported in the case of cholesterol-containing lipid 

bilayers 24. In addition, in case of PC-lipids with short and saturated acyl chains, i.e. 1,2-

dimyristoyl-sn-glycero-3-phosphorylcholine (DMPC), both cholesterol and CL increase the 

bilayer order parameter thus reducing the membrane fluidity above the DMPC melting temperature 

(Tm=25ºC)25. However, in case of PC-lipids with longer and unsaturated acyl chains, i.e. POPC or 

egg-PC, while cholesterol still increases the acyl chain order parameter26, 27, CL shows an opposite 

effect 28. To the best of our knowledge, only a few studies have been reported in which ternary 

mixtures of PE, PG and CL lipids were used. These latter focused on the thermotropic behavior of 

PE/PG/CL mixtures29, the structure of lipid monolayer at air/water interface30 or directly 

implemented PE/PG/CL mixtures to investigate the activity of an antimicrobial agent31, 32, 33. 

Therefore, a detailed structural and dynamic characterization of PE/PG/CL mixtures is still 

missing. 

In the present study, we show the preparation and characterization of vesicles containing 

mixtures of POPE/POPG/CL with composition 60/30/10 mol/mol/mol and 50/30/20 mol/mol/mol, 

named hereafter POPE/POPG/CL10 and POPE/POPG/CL20. The binary mixture POPE/POPG 

(70/30 mol/mol) was also characterized and used as a reference sample. As the cytoplasmic 

membrane from most bacteria, the investigated vesicles exhibit PE as the main component, 

followed by PG and with CL as minor component. More specifically, the used lipid ratios make 

the POPE/POPG/CL10 and POPE/POPG/CL20 vesicles relevant model of the cytoplasmic 

membrane from common Gram-negative bacteria, such as Escherichia Coli34  and Pseudomonas 
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aeruginosa35. Small angle neutron scattering (SANS) and dynamic light scattering (DLS) 

measurements were combined to investigate the size and polydispersity of the prepared vesicles 

as well as to extract information on the structure of the lipid bilayers as a function of the CL 

content. In addition, electron paramagnetic resonance (EPR) spectroscopy was used to investigate 

the dynamics of the different lipid mixtures. In the EPR experiments, spin-labelled lipids were 

added to the above-listed phospholipid mixtures. Different types of spin-labelled lipids were 

chosen with the radical nitroxide group bound to different positions along the lipid acyl chain 

(Supporting Information (SI), Figure S1). Therefore, the collected EPR spectra provided a detailed 

description of the lipid packing and fluidity across the bilayers. SANS, DLS and EPR 

measurements were all performed at 25 °C with the lipid vesicles in the physiological buffer with 

composition 150 mM sodium chloride, 10 mM HEPES, 1mM calcium chloride and pH=7.2.  

 

Figure 1 - Molecular structures, together with the cartoon representation including the molecule 

geometrical shape, of POPE, POPG and CL phospholipids.  
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Altogether, we show that CL induces the formation of thicker lipid bilayers compared to the 

binary POPE/POPG mixture and also increases membrane curvature. We also report that CL 

reduces the order parameter associated to the lipid bilayer compared to the binary POPE/POPG 

mixture, thus increasing the membrane fluidity. All these effects are dependent on the CL 

concentration in the lipid bilayer.  

 

Materials and Methods 

Materials 

Dichloromethane and methanol, HPLC-grade solvents, were obtained from Merck (Darmstadt, 

Germany) while D2O (isotopic enrichment > 99.8%, molar mass 20.03 g mol–1) was purchased from 

Sigma (Milan, Italy). 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE, 99 % 

purity) and 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG, 99% purity) were 

obtained from Avanti Polar Lipids (Alabaster, USA), while cardiolipin (CL, ≥97 % purity) were 

obtained from Sigma-Aldrich (Milan, Italy). HEPES buffer solution (10 mM), NaCl and CaCl2 salt 

were obtained from Sigma-Aldrich (Milan, Italy). Spin-labelled phosphatidylcholines (n-PCSL) 

with the nitroxide group at different positions (n= 5, 7, 10 and 14) in the sn-2 acyl chain (Figure 

SI1), to be used for EPR experiments, were also purchased from Avanti Polar Lipids (Alabaster, 

USA) and stored at -20 °C in ethanol solutions at a concentration of 1 mg/mL. 

 

Sample Preparation 

Small Unilamellar Vesicles (SUVs) composed by POPE, POPG and CL were prepared with 

composition 60/30/10 mol% and 50/30/20 mol% (named POPE/POPG/CL10 and 
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POPE/POPG/CL20). SUV were also prepared with POPE and POPG 70/30 mol/mol.  The three 

phospholipids were independently dissolved in dichloromethane/methanol mixture (2:1 v/v, 10 

mg/mL lipid concentration). Proper volumes of these solutions were used to form lipid films with 

the above reported lipid molar ratios and total lipid amount of 1mg. The lipid films were produced 

by evaporating the organic solvents under nitrogen flow. Final traces of the solvents were removed 

by storing the sample under vacuum for at least 3 h. The lipid films were re-suspended with 1mL 

of physiological buffer (with composition sodium chloride, 150 mM, HEPES 10 mM, 1mM 

calcium chloride, 1mM, and pH=7.2), and repeatedly vortexed. The produced Multi Lamellar 

Vesicles (MLVs) were repeatedly extruded through polycarbonate membranes of 100 nm pore 

size, for at least 11 times, before DLS, SANS measurements in order to produce SUV suspensions. 

A buffer with the above-reported composition but prepared with D2O was used in the case of 

samples for SANS measurements.  

The same protocol was used to prepare SUV samples for EPR measurements, but a proper volume 

of each stock solution in ethanol (1 mg/mL) of spin-labelled phosphatidylcholines (n-PCSL) was 

also added to the lipid films in order to have a spin-label content equal to 1 wt. % of the total lipids. 

The prepared 1 mg lipid films containing n-PCSLs were dissolved with 50 μL of buffer (150 mM, 

HEPES 10 mM, 1mM calcium chloride, 1mM, and pH=7.2) and treated as described above to 

produce SUV suspensions. 

 

Small Angle Neutron Scattering (SANS)         

SANS measurements were performed at 25 °C at the KWS2 instrument located at the Heinz Maier-

Leibnitz Source, Garching Forschungszentrum (Germany) 36. Neutrons with a wavelength spread 

(𝛥𝜆/𝜆) 0.1 were used. A two-dimensional array detector at three different wavelength 
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(W)/collimation (C) /sample-to-detector(D) distance combinations (W7ÅC8mD2m, W7ÅC8mD8m and 

W19ÅC8mD8m), measured neutrons scattered from the samples. These configurations allowed us to 

collect data in a range of the scattering vector modulus 𝑞 = '()*+(-/.)
0

, 0.002-0.4 Å–1, with scattering 

angle	𝜃. The investigated systems were contained in a closed quartz cell, and, for each sample, 

data were collected for a sufficient time such to have ~ 2 million counts over the entire detection 

area. The raw data were corrected for detector sensitivity, blocked-beam, background and empty 

cell scattering, followed by the radial averaging and transformation to absolute scattered intensity 

(I(q)) using a secondary plexiglass standard30,31.  

Generally, the dependence of the absolute scattered intensity from the scattering vector is: 

     (1) 

where 𝜙5and 𝑉5 are the particle volume fraction and the particle volume, while P(q) and S(q) 

are the form factor and the structure factor, respectively. The last term (Bkg) takes into account the 

incoherent scattering mostly due to the presence of hydrogen atoms within the sample. 

The form factor describes the shape and size distribution of the scattering particles. On the other 

hand, the structure factor accounts for interparticle correlations within the sample. The structural 

information contained in both the form and the structure factor can be expressed by choosing an 

appropriate model to fit the experimental data. In the present case, the vesicle suspensions were 

sufficiently diluted to consider interparticle correlations negligible and thus S(q)=1. SANS data 

were analyzed with an in-house developed code. Further details about data analysis are reported 

in supporting information. 

 

Dynamic Light Scattering (DLS) 

( ) ( ) ( )p

p

I q P q S q Bkg
V
f

= +
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DLS measurements were performed with a home-made instrument composed of a Photocor 

compact goniometer, a SMD 6000 Laser Quantum 50 mW light source operating at 5325 Å, a 

photomultiplier (PMT-120-OP/B) and a correlator (Flex02-01D) from Correlator.com. The 

experiments were carried out at the constant temperature (25.0 ± 0.1) °C, by using a thermostatic 

bath, and at the scattering angle θ of 90°. The correlation function of the scattered intensity was 

analyzed using a regularization algorithm 37. The diffusion coefficient (D) of each population of 

diffusing particles was calculated as the z-average of the diffusion coefficients of the 

corresponding distributions 38, 39. Considering that the solutions are dilute, the particle hydrodynamic 

radius, RH, can be estimated from the Stokes–Einstein equation 

𝑅8 =
9:;
<(=>

        (2) 

where 𝑘@	is the Boltzmann constant, T is the temperature and 𝜂 is the solvent viscosity. For non-

spherical particles, RH corresponds to the radius of a spherical particle with the same diffusion 

coefficient measured.  

 

Electron Paramagnetic Resonance (EPR) spectroscopy 

EPR spectra were recorded with a 9 GHz Bruker Elexys E-500 spectrometer (Bruker, Rheinstetten, 

Germany). The capillaries containing the vesicle suspensions were placed in a standard 4 mm 

quartz sample tube containing light silicone oil for thermal stability. All the measurements were 

performed at 25 °C. Spectra were recorded using the following instrumental settings: sweep width, 

100 G; resolution, 1024 points; time constant, 20.48 ms; modulation frequency, 100 kHz; 

modulation amplitude, 1.0 G; incident power, 6.37 mW. Several scans, typically 16, were 

accumulated to improve the signal-to-noise ratio. A quantitative analysis of n-PCSL spectra for all 

the lipid mixtures was realized determining the acyl chain order parameters relative to the bilayer 
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normal, S, and the isotropic hyperfine coupling constants for the spin-labels in the membrane, a’
N, 

following a previously described analytic approach 40, 41. 

 

Results and discussion 

Small angle neutron scattering and dynamic light scattering characterization 

Figure 2a and b show the collected experimental data for the POPE/POPG and the 

POPE/POPG/CL suspensions containing either 10 or 20 mol % of CL, i.e., POPE/POPG/CL10 

and POPE/POPG/CL20. For all the investigated samples, the same theoretical model was used to 

interpret the collected data. A first inspection of the data in the high-q region, 0.02-0.4 Å-1, 

suggested the presence in the samples of small unilamellar vesicles. On the other hand, the 

observed linear increase of the scattered intensity in the low-q region, 0.003-0.01 Å-1, indicated the 

presence of larger particles in the suspension, although their averaged size and shape cannot be 

deduced from the data in the explored q range. These larger particles were interpreted as vesicle 

aggregates. Indeed, no model referring to multilamellar objects resulted suitable to fit the 

experimental SANS profiles. In addition, it was previously reported that, in the presence of salts, 

unilamellar lipid vesicles can assemble into larger aggregates with fractal structure. 42 Therefore, 

the model used to analyze the collected data contains the sum of two contributions: the unilamellar 

vesicle form factor 43, in order to describe the high-q region, and a power law, in order to describe 

the contribution to the scattered intensity from the larger particles (equations 3 and 4).  

    (3) 

(4) 

( ) ( ) mshell
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I q P q Aq
V
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2

3 3

sin( ) cos( ) sin( ) cos( )( ) 3 ( ) 3 ( )
( ) ( )

core core core shell shell shell
vesicle core buffer shell shell shell buffer

core shell

qr qr qr qr qr qrP q V V
qr qr

r r r r-
é ù- -

= - +ê ú
ë û



 12 

 

In equation 3 and 4, 𝜙)BCDD  and 𝑉)BCDD are the volume fraction and the total volume of the lipids 

composing the shell of the unilamellar vesicles, respectively. 𝜌FGHHCI  and 𝜌)BCDD  are the scattering 

length densities of the buffer, which is the dispersing medium and is also present in the core of the 

vesicles, and of the lipids in the vesicle shell. The scattering length densities of the buffer and the 

lipids was calculated according to their composition as 5.9∙10-6 Å-2 and 3.2∙10-6 Å-2 respectively. 

Because of the similar chemical composition of the POPE, POPG and CL molecules, the same 

value for 𝜌)BCDD  was obtained for the POPE/POPG, POPE/POPG/CL10 and POPE/POPG/CL20 

mixtures. Finally, 𝑉KLIC is the volume of the vesicle core, and 𝑟KLIC and 𝑟)BCDD are the radius of the 

vesicle core and the thickness of the vesicle lipid shell, i.e., lipid bilayer thickness. In the power 

law term of equation 2, A is a pre-exponential factor, and m is the exponent of the power law. To 

properly describe the experimental data, the polydispersity associated to the vesicle size 

distribution and the instrument resolution was included in the model (see SI). 

Optimization of the model parameters produced a good agreement between the fitting curves 

and the experimental data. In all cases, the power law exponent resulted to be ~ -3, consistent with 

fractal aggregates composed of vesicles (Figure 2). Fitting the model to the experimental data also 

confirmed the presence of unilamellar vesicles in the investigated suspensions with the structural 

parameters reported in Table 1.  
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Figure 2 - SANS experimental data together with the corresponding fitting curve for the 

POPE/POPG (70/30 mol/mol) vesicle suspension (a) and the POPE/POPG/CL (60/30/10 

mol/mol/mol) and POPE/POPG/CL (50/30/20 mol/mol/mol) vesicle suspension (b). Data in (b) 

were scaled for visualization. A cartoon representation of the sample structures corresponding to 

the low and high q-range, i.e., vesicle aggregates and isolated vesicles, is reported both in (a) and 

(b). Hydrodynamic radius distribution extracted from the DLS measurements on the vesicle 

suspension are reported in (c).  
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Table 1 - Structural parameters (i.e. core radius, core radius polydispersity and bilayer thickness) 

of the unilamellar vesicles estimated from the analysis of the SANS data collected for the 

investigated samples. Hydrodynamic radius of the vesicle aggregates estimated from the DLS 

measurements.  

 Parameters POPE/POPG POPE/POPG/CL10 POPE/POPG/CL20 

 Vesicle core radius (Å) 149 ± 2 130 ± 1 108 ± 2 

Core radius 
Polydispersity 

0.40 ± 0.01 0.35 ± 0.02 0.44 ± 0.09 

Bilayer thickness (Å) 34 ± 1 37 ± 1 38 ± 1 

Vesicle hydrodynamic 
radius (Å) 

200 ± 30 140 ± 20 110 ± 20 

Vesicle aggregate 
hydrodynamic radius (Å) 

570 ± 20 550 ± 20 510 ± 60 

 

Inspection of Table 1 indicates that both the vesicle size and the bilayer thickness are sensitive 

to the presence of CL in the mixture with POPE and POPG. Indeed, a systematic decrease of the 

vesicle core radius and parallel increase of the bilayer thickness resulted dependent on the CL 

concentration. In particular, at CL concentration 20 % mol very small vesicles are formed with 

core radius ~ 108 Å, compared to the larger vesicles observed in the case of the POPE/POPG 

suspension, i.e. core radius corresponding to ~ 149 Å. The observed decrease of the vesicle core 

radius is consistent with the tendency of CL to accumulate in high-curvature regions of biological 

membranes 44. The observed increment of the bilayer curvature in the vesicles also suggests that, 

at high concentrations, CL is most likely present in the inner bilayer leaflet compared to the outer 

bilayer leaflet, although the available experimental data does not allow to directly quantify the CL 
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content in the two bilayer leaflets. Indeed, the inner leaflet will allow the lipid bilayer to bend and 

form vesicles with a smaller core radius compared to the POPE/POPG mixture. CL not only affects 

the vesicle size, but also impacts the lipid bilayer structure. Indeed, the presence of CL in mixture 

with POPE and POPG produced thicker lipid bilayers (~ 37 Å) compared to the POPE/POPG 

mixture (~ 34 Å). The increment of the bilayer thickness can be associated with the dense packing 

of the surrounding phospholipid molecules, which favors the formation of hydrogen bonds with 

the CL headgroup. 

DLS measurements were performed to complement the SANS characterization and provide a 

more detailed structural description of the large vesicle aggregates in terms of their hydrodynamic 

radius (Rh). The scattered intensity measured in the DLS experiment depends on both the mass (M) 

squared and the concentration of the scattering objects. In the present case, we are dealing with 

spherical objects, so that M ≈ k Rh
3. Figure 2c shows the hydrodynamic radius distribution obtained 

by normalizing the scattering intensity for the  squared mass of the scattering particle37.  

DLS confirmed the presence of two particle populations in all the investigated vesicle 

suspensions. The two particle populations have considerably different averaged diffusion 

coefficients and therefore corresponding hydrodynamic radii (Table 1). The most abundant 

population is characterized by an estimated hydrodynamic radius comparable with the vesicle 

radius obtained from the SANS data analysis. This population corresponds to the unilamellar 

vesicles, which was probably the most favorable organization of lipids and showed a decreasing 

hydrodynamic radius with increasing CL concentration in the lipid mixture. In all the investigated 

samples, the second particle population, corresponding to the vesicle aggregates, showed a larger 

averaged hydrodynamic radius (~ 500-580 Å). The vesicle aggregate population exhibited similar 

hydrodynamic radius values for all the investigated samples (Table 1).  
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Electron Paramagnetic Resonance analysis 

Figure 3a and b shows the EPR spectra collected to analyze the impact of CL (at 10 and 20 % 

mol) on the packing and dynamics of POPE/POPG bilayers. The vesicle suspensions used for the 

EPR measurements were prepared by alternatively incorporating in lipid mixtures 1 mol % of 

phosphatidylcholines spin-labelled at the different positions of the sn-2 chain (n-PCSL, with n = 

5, 7, 10 or 14). Specifically, 5-PCSL exhibits a nitroxide group close to the hydrophilic lipid 

headgroups, 7-PCSL and 10-PCSL are representative of the intermediate segments of the lipid acyl 

chains, while in 14-PCSL the nitroxide group is positioned close to the terminal methyl groups. 

Therefore, the combined use of different n-PCSL spin-labels enabled us to characterize both the 

outer and inner bilayer regions. The analysis of the collected spectra provided information about 

the local microstructure and polarity of the investigated lipid membranes.  

For all the characterized lipid mixtures, the spectra corresponding to the 5-PCSL (Figure 3a) 

show a clearly well-defined axially anisotropic behavior, as detectable by the splitting of the low- 

and high-field lines. This indicates an ordered organization of the outer segments of the lipid acyl 

chains. As the reporter nitroxyl group is stepped down along the acyl chain (from position 5 to 10), 

the spectra anisotropy markedly decreases (Figure 3b) and, in the case of 14-PCSL, a three-line 

quasi-isotropic spectrum is obtained. This trend was preserved both in the absence and presence 

of CL within the POPE/POPG mixture. By comparing the n-PCSL spectra of all lipid vesicles, it 

is possible to note that, when cardiolipin was added to POPE/POPG bilayers, no change was 

induced in 5- and 7-PCSL spectra which appears very similar. On the other hand, some changes 

can be appreciated in the line-shapes of 10- and 14-PCSL spectra, which show a reduced 

anisotropic character. In particular, this effect is much more evident in 14-PCSL spectra of 

cardiolipin-containing vesicles. Indeed, at both CL contents, the EPR signals show a pronounced 
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isotropic character in which the peaks appear narrower than those of the 14-PCSL spectrum 

corresponding to pure POPE/POPG bilayer. This evidence indicates a faster motion of the spin-

labelled segment of the lipid chains. 

 

Figure 3 - (a) and (b) EPR spectra of n-PCSL in POPE/POPG mixture without (continuous lines) 

and with CL at 10 % mol (pointed lines) and 20 % mol (dotted lines). In the cartoon representation 

of the investigated samples, the n-PCSL is represented with a magenta-colored headgroup and star 

is used to indicate the position of the nitroxyl group along the acyl chain. (c) Profiles of the order 

parameter, S, as function of n-position for the POPE/POPG mixture without and with CL at 10 % 
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mol and 20 % mol. (d) Variation of S, with respect to the POPE/POPG bilayer, on adding CL at 

different content. 

 

In order to quantitatively analyze the spectra, the order parameter, S, and the isotropic hyperfine 

coupling constant, a’
N, were evaluated (Table 2) as previously described in the literature.40, 41, 45  S is a 

measure of the local orientational ordering of the labelled acyl chain with respect to the normal to 

the bilayer surface, while a’
N is an index of the micro-polarity experienced by the nitroxide. Both 

these parameters allowed us to monitor changes in the microstructure of the phospholipid bilayers 

as function of the CL concentration. In particular, Figure 3c shows the dependence of S on the 

chain position, n, of the nitroxyl group in the n-PCSL spin-labels. A decrease in the S values of n-

PCSL spectra for POPE/POPG/CL bilayers was observed for both the considered CL 

concentrations, indicating a decrease in the packing ordering of phospholipids involving the whole 

bilayer. However, this effect is more much evident for 10- and 14-PCSL and by increasing the CL 

content. These differences can be appreciated by observing the trends of the S variation (ΔS), 

determined with respect to the value determined in the absence of CL, as shown in Figure 3d. For 

both lipid samples, the order parameter S decreases with the same extent (ΔS of ~ -0.02) for both 

5- and 7-PCSL spectra. In the case of POPE/POPG/CL10 bilayers, the order parameter decreases 

with a greater extent for both 10- and 14-PCSL spectra, as demonstrated by ΔS values of ~0.04 

and ~ -0.05, respectively. This suggested that the CL content of 10 mol% induce a more disordered 

lipid-packing in the inner region of POPE/POPG bilayer, probably due to a reorganization of acyl 

chains. On the other hand, the presence of CL at 20 mol% in POPE/POPG bilayer causes a stronger 

effect on the order parameter for 10- and 14-PCSL, as indicated by ΔS values of about -0.07 and  

-0.08, respectively, confirming the fluidifying role of high CL content on the whole bilayer. To 

analyze the 14-PCSL spectrum, variations in deeper details, a computational analysis (reported in 
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Figure S2) was realized by using a well-established procedure described by Budil et al.46  As 

indicated by the values of the main parameters used for the simulations (see Table S1), such as the 

order parameter (S) and the correlation time for the rotational diffusion motion (τperp), both the lipid-

bilayer order and micro-viscosity decreased in the presence of CL in a concentration dependent 

manner, thus confirming a greater fluidity of POPE/POPG/CL20 bilayers with respect to pure 

POPE/POPG ones.  

 

Table 2 - Values of order parameter, S, and hyperfine coupling constant, a’N, for EPR spectra of 

n-PCSL in POPE/POPG bilayers without and with CL at different lipid composition. 

 n-PCSL POPE/POPG POPE/POPG/CL10% POPE/POPG/CL20% 

S 

5-PCSL 

7-PCSL 

10-PCSL 

14-PCSL 

0.67 ± 0.01 

0.63 ± 0.01 

0.55 ± 0.01 

0.25 ± 0.01 

0.65 ± 0.01 

0.61 ± 0.01 

0.51 ± 0.01 

0.20 ± 0.01 

0.65 ± 0.01 

0.61 ± 0.01 

0.48 ± 0.01 

0.17 ± 0.01 

 a’N (G) 

5-PCSL 

7-PCSL 

10-PCSL 

14-PCSL 

15.4 ± 0.1 

15.3 ± 0.1 

15.1 ± 0.1 

14.2 ± 0.2 

15.2 ± 0.1 

15.0 ± 0.1 

14.6 ± 0.1 

13.8 ± 0.2 

15.1 ± 0.1 

14.9 ± 0.1 

14.5 ± 0.1 

13.9 ± 0.2 

 

Finally, as observed in Table 2, a’
N values decrease with n-PCSL, indicating that the hydrophobicity 

increases as the nitroxide group moves to the center of the bilayer; the CL presence in POPE/POPG 
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bilayers induces a reduction in the micro-polarity which could be associated to a lower penetration 

of water molecules as a consequence of a slightly different lipid packing in the mixtures containing 

CL. This trend was also confirmed by the values of average hyperfine coupling constant, <A>, 

obtained from the simulations of 14-PCSL spectra (see Table S2). Only slight differences are 

observed in the spectra if bivalent cations, i.e. Ca2+, are removed from the buffer (Figure SI3), the 

general trends being the same discussed above. 

 

Conclusion 

The bacterial cytoplasmic membrane, and in particular the anionic phospholipids, i.e. PG and 

CL, are often used as targets for antimicrobial agents, which induce membrane lysis and therefore 

the death of the bacteria8. However, because of the growing resistance towards antibacterial drugs, 

understanding the structural and dynamic properties of the bacterial cytoplasmic membrane can 

provide important inputs for the design of new and more efficient antimicrobial agents. 

The physico-chemical characterization of lipid systems mimicking the bacterial cytoplasmic 

membrane has been so far focused on simple lipid mixtures including only 1-2 lipid species, e.g. 

PE/PG and PE/CL mixtures13. To the best of our knowledge, very few studies have been reported 

on tertiary PE/PG/CL mixtures, which represent a better mimic of the bacterial cytoplasmic 

membrane compared to the above-mentioned binary mixtures29, 30, 31. This prompted us to investigate 

POPE/POPG/CL vesicle suspensions with different CL concentration, i.e. 10 and 20 % mol, and 

to perform a detailed structural and dynamic characterization of the prepared samples by means of 

SANS, DLS and EPR experiments.  

According to the collected SANS and DLS data, all the characterized vesicle suspensions 

resulted to be composed by unilamellar vesicles together with larger vesicle aggregates, i.e. 500-
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580 Å hydrodynamic radii. The presence of CL in the POPE/POPG mixture produced a systematic 

decrease of the vesicle core radius and therefore increment of the membrane curvature (Table 1). 

This evidence is consistent with the previously reported sorting of CL in high-curvature regions in 

bacterial membranes. CL is also responsible for the increment of the bilayer thickness, in the 

presented cases of ~3 Å (Table 1).  

On the other hand, EPR spectroscopy was used to investigate the impact of CL on the membrane 

fluidity and lipid packing. The addition of CL in the POPE/POPG mixtures decreases the order 

parameter of the membrane compared to POPE/POPG. In addition, the use of different spin-

labelled phosphatidylcholines (n-PCSL), exhibiting the nitroxyl group covalently bonded to the 

lipid acyl chain at different positions, allowed us to appreciate significant differences in the lipid 

packing when the CL content is 10 or 20 % mol. Indeed, at 10 % mol CL mainly perturbs the 

packing and fluidity of the acyl chain in the inner region of the bilayer while the effect propagates 

to the entire acyl chain region when the CL concentration is increased to 20 % mol.   

Increasing the amount of CL in the cytoplasmic membrane is a known strategy of bacteria to 

enhance the membrane structural integrity and therefore the bacteria resistance towards 

antimicrobial agents such as daptomycin and surfactin.47, 48 In our model systems composed by 

POPE/POPG/CL, we found that increasing CL concentrations affect the phospholipid packing and 

produce thicker and more fluid bilayers, which can accommodate higher membrane curvature. 

Therefore, our results support the proposed role of CL in preventing the membrane penetration by 

drugs and enhancing the membrane stability towards the increased curvature often produced by 

the drug-membrane interaction. In this respect, the discussed data suggests that future 

antimicrobial drug development should focus on overcoming this stabilizing effect of CL to 

produce molecules with more efficient penetration properties also in the case of highly curved 
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membranes. From this point of view, the characterized bacterial membrane models can be used as 

relevant lipid-platforms for testing antimicrobial drug activity.  
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