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Abstract. Plenty of research is focused on the analysis of the interactions be-
tween bacteria membrane and antimicrobial compounds or proteins. The hypoth-
esis of the research is formed according to the results from the numerical models 
such as molecular docking or molecular dynamics. However, simulated mem-
brane models often vary significantly from the real ones. This may lead to inac-
curate conclusions. In this paper, we employed molecular dynamic simulations 
to create a mimetic Escherichia coli full membrane model and to evaluate how 
the membrane complexity may influence the structural, mechanical and dynam-
ical mainstream parameters. The impact of the O-antigen region presence in the 
outer membrane was also assessed. In the analysis, we calculated membrane 
thickness, area per lipid, order parameter, lateral diffusion coefficient, interdigi-
tation of acyl chains, mechanical parameters such as bending rigidity and area 
compressibility, and also lateral pressure profiles. We demonstrated that outer 
membrane characteristics strongly depend on the structure of lipopolysaccha-
rides, changing their properties dramatically in each of the investigated parame-
ters. Furthermore, we showed that the presence of the inner membrane during 
simulations, as it exists in a full shell of E. coli, significantly changed the meas-
ured properties of the outer membrane.  

Keywords: Molecular dynamics, mimetic systems, lipid membrane model 

1 Introduction 

Escherichia coli is one of the most frequently investigated bacteria being responsible 
for common infections among humans and animals [1, 2]. This strain is widely used for 
antimicrobial studies [3–5]. It belongs to the Gram-negative ones which membranes 
consist of the outer (OM) and the inner membrane (IM) separated by the periplasm. 
OM is an asymmetric bilayer primarily composed of lipopolysaccharides (LPS) in the 
top leaflet and phospholipids (PL) in the bottom one [6]. It serves as a protective shield 
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preventing the entry of toxic compounds e.g. antibiotics [7, 8]. The LPS is composed 
of three segments: lipidA-the hydrophobic fatty surface forming the base of the top OM 
leaflet, a phosphorylated, highly anionic core and an O-antigen unit composed of sugar 
chains performing a hydrophilic surface [7, 9]. IM has a dynamic structure mostly 
formed by phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and cardiolipin 
(CL) [10, 11].  

In computational studies on bacteria membranes, methods such as molecular dynam-
ics are often employed [12]. This allows observation of the behavior of studied mole-
cules up to the atomic level. However, many modelled systems are simplified and lim-
ited to one particular membrane even for Gram-negative bacteria [13–16]. Piggot et al. 
performed the analysis on the base model of OM E. coli with embedded FecA protein, 
presenting the LPS structure on the upper leaflet, while the lower one was composed 
of PE and PG [15]. A similar model was proposed by Wu et al. a few years earlier 
where a couple of LPS structures were studied [13]. One of the most comprehensive 
approaches was delivered by Hwang et al. where the two – inner and outer membranes 
were separately modelled and analyzed [14]. While those models are quite close to 
reality, they may significantly differ from the real OM/IM bacterial membrane or even 
experimental models. This may result in influencing the outcome results.  

In this work, we investigate the changes in membrane properties with the increasing 
complexity of the systems to better reflect bacterial membrane and to draw attention 
that both OM and IM should not be studied separately for better biological context. For 
this purpose, we created five bacterial membrane models based on the composition of 
E. coli. We started from simple pure IM and pure OM (with and without O-antigen 
units used). To better reflect the natural conditions we created whole OM/IM bacteria 
membrane system (first without O-antigen units and latter with O-antigen units). Each 
of the systems was analyzed in detail to characterize the topological and mechanical 
properties of the membranes in investigated systems and to present the influence on 
how structural complexity can affect membrane behavior. 

2 Methods 

The all-atom models of the membranes were generated using CHARMM-GUI mem-
brane builder [17]. The IM model consisted of 80% PYPE, 15% PYPG, 5% PVCL2 
[10, 11, 18]. The lipid bilayer was solvated with TIP3P water molecules (100 water 
molecules per lipid) and 240 mM NaCl were added based on literature data [19]. Final 
IM configuration included: 256 PYPE, 48 PYPG, 16 PVCL2, 276 Na+, 196 Cl- and 
32000 TIP3P molecules.  

The OM models were composed of 75% PYPE and 25% PYPG in the upper leaflet 
and 100% LPS in the lower one [13, 20]. The type1 of lipidA, R1 core and repeating 
units of O6-antigen were included in the LPS sequence. The length of the O6-antigens 
was adapted based on results published by Wu et al. [13, 21]. The number of LPS mol-
ecules and phospholipids was equally adjusted to the total lipid area occupied on each 
leaflet. The same procedure of solvation and ion addition was employed as before, ex-
cept for Ca2+ ions, which were automatically added based on LPS length to neutralize 
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the system. Afterward, molecular dynamics (MD) simulations of two asymmetric LPS 
based bilayers were performed. The upper leaflet contained: lipidA, R1 core and 2 re-
peating units of O6-antigen (OMA) and lipidA, R1 core (OM0). Final OMA and OM 
configuration included: 52 LPS, 120 PYPE, 40 PYPG, 260 Ca2+, 232 Na+, 112 Cl-, 
28964 TIP3, and 60 LPS, 144 PYPE, 48 PYPG, 300 Ca2+, 168 Na+, 120 Cl- and 27856 
TIP3P molecules respectively. Three-dimensional periodic boundary conditions were 
applied to deal with potential energy disruption due to the origin of cell discontinuity. 

MD simulations of pure membranes were performed using the GROMACS (version 
2020.4) package with the CHARMM36 force field [22, 23]. Each system was first min-
imized using the steepest descent algorithm for energy minimization. Calculations were 
carried out in the NPT ensemble (constant Number of particles, Pressure and Temper-
ature) using a Nose-Hoover thermostat at T=303.15 K and semi-isotropic coupling with 
Parrinello-Rahman barostat at p =1bar. The long-run production was conducted for at 
least 300 ns using the leap-frog integrator. Chemical bonds between hydrogen and 
heavy atoms were constrained to their equilibrium values by the LINCS algorithm, 
while long-range electrostatic forces were evaluated using the particle mesh Ewald 
(PME) method, which allowed us to employ the integration timestep of 2 fs. 

The complete bacterial membrane models: LIPA (IM+OMA) and LIP0 (IM+OM0) 
have been constructed by assembling IM and OM separated by a small water slab (2.4 
nm, 4140 water molecules) imitating the periplasm. The minimization procedure and 
NPT ensemble were carried out according to the same protocol as described above. We 
analyzed the last 10ns of all simulations using a combination of GROMACS tools, self-
made MATLAB (The MathWorks, Natick, MA) scripts, VMD and VMD’s dedicated 
plugins such as MEMBPLUGIN 1.1 [24] for interdigitation calculation.  

The order parameter of the acyl chains was obtained using: 
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where 
 for a particular carbon atom is the angle between the bilayer normal and car-
bon-hydrogen bond. 

The diffusion was calculated in the Diffusion Coefficient Tool [25] from the slope 
of the mean-squared displacement (MSD) curve through Einstein’s relation. For the 
computation accuracy, only phosphorous atoms of all lipids were taken into account. 

�(�) =
�(�)

2��
  

  
 (2) 

where �(�) – is the MSD at a range of lag time � and E represents the dimensionality 
(two in our case - XY).  

Lateral Pressure profiles (LPPs) were computed using a custom version of 
GROMACS-LS [26]. The obtained beforehand trajectories were adapted to comply 
with the software requirements, thus the calculations of the PME electrostatic forces 
were settled to cutoff. We also adjusted the cutoff to 2.2nm according to Vanegas et al. 
[26, 27]. The lateral component of pressure tensor ( PL(z)= 0.5×(Pxx(z) + Pyy(z)) ) and 
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the normal component (PN = Pzz) are computed from the GROMACS-LS output. Fi-
nally, LPPs �(z) was determined from: 

�(�) = �� (�) − ��. (3) 
  

Bending rigidity was determined using the real space fluctuation method [28]. Briefly, 
a probability distribution for both tilt and splay is determined for all lipids over the last 
10ns of simulation. Tilt is defined as an angle between the lipid director (vector between 
lipid head – the midpoint between C2 and P atoms – and lipid tail – the midpoint be-
tween last carbon atoms) and bilayer normal. Lipid splay is defined as divergence of an 
angle formed by the directors of neighboring lipids providing that they are weakly cor-
related. Area compressibility was determined using a method developed by Doktorova 
et al. [29]. Briefly, a real-space analysis of local thickness fluctuations is sampled from 
the simulations. 

Determined parameters’ statistical significance was performed using one-way 
ANOVA significance test with Tukey post hoc test in Origin 2018 (OriginLabs) soft-
ware. 

3 Results  

Each of the investigated systems was characterized thoroughly. In the Fig. 1 and Fig. 2 
we present LIPA and LIP0 systems in detail, including their density profiles and graph-
ical representation. Structural, stress and mechanical parameters of lipid membranes 
were determined. We studied whether simplification of biological membranes, which 
is common for numerical simulations, is feasible. We assume that significant differ-
ences between the systems may result in the different occurrence of biological phenom-
ena.  

 

Fig. 1 A) Density profile of LIPA regions. B) LIPA system visualization (several lipids are hid-
den for clarity). The Inner membrane, outer membrane, lipidA, R-Core, O-antigen region, water, 
calcium ions, sodium together with chlorine ions have been colored orange, gray, red, magenta, 
pink, azure, yellow and dark blue, respectively. C) Graphical representation of created LIPA 
system. 
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Fig. 2 A) Density profile of LIP0 regions. B) LIP0 system visualization (several lipids are hidden 
for clarity). The inner membrane, outer membrane, lipidA, R-Core, water, calcium ions, sodium 
together with chlorine ions have been colored in orange, ice blue, red, magenta, azure, yellow 
and dark blue, respectively. C) Graphical representation of created LIP0 system. 

For the structural aspect of the membrane, we decided to perform a standard analysis 
with a couple more comprehensive parameters afterward. To understand and character-
ize the molecular effect of LPS on the membrane and/or additional membrane in com-
plex systems, we determined different bilayer properties such as membrane thickness 
(MT), area per lipid (APL), order parameter, interdigitation and lateral diffusion. Mem-
brane thickness was determined between phosphorus atoms, while the area per lipid 
was determined using Voronoi tessellation. The results of structural characteristics are 
presented in Table 1. All of the parameters were statistically distinct. 

Further structural characterization was enhanced with a description of lipid behavior 
in the systems. For this purpose, lateral mobility, which is usually described by the 
lateral diffusion coefficient, was investigated. The diffusion coefficient from the 2D 
mean square displacement equation was calculated. Obtained values were statistically 
significantly different between the investigated systems. Finally, the determination of 
acyl chain interdigitation to assess interactions between the leaflets itself was per-
formed. The parameter allows estimating whether O-antigens presence may influence 
the interactions between the leaflets. As before the differences in values of interdigita-
tion were statistically significant between the investigated systems.  

Additionally, to provide a wider insight into the flexibility of the acyl chains, the 
order parameter was calculated. Presented values were averaged over the whole trajec-
tories for clarity and collected in Table 2. We report values for the sn-2 unsaturated 
chain in the following manner: initial atoms in the acyl chain (Start), atoms before dou-
ble bond (Midpoint), and the final (End). Standard deviations are not included, since in 
all cases are below 0.02. 
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Table 1 Comparison of structural and dynamic parameters between pure and complex mem-
branes a. 

Mem-

brane 

Lipid 

type 

MTP-P APL1 APL2 
Interdigi-

tation 
Diffusion  

Å Å2 Å2 Å µm/s 

IM Total 

39.9±0.4 

56.6±1.8 58±2 

4.9±0.4 

- 
 PYPE 58±1 59.1±0.6 12.0±0.1 
 PYPG 63±2 61.7±2.3 15.8±0.1 

  PVCL2 88±4 78±4 12.8±0.1 

OMA Total 

35.5±0.2 

194.2±3.3 60.3±1.9 

5.0±0.3 

- 
 PYPE - 60.8±0.7 6.4±0.1 
 PYPG - 66.5±2.0 6.1±0.1 

  LipidA 194.2±3.3 - 0.6±0.1 

OM0 Total 

37.2±0.2 

183±2 55.6±1.5 

4.3±0.2 

- 
 PYPE - 56.4±0.4 10.0±0.1 
 PYPG - 59.7±1.3 7.7±0.2 

  LipidA 183±2 - 0.9±0.1 

LIPA Outer 

33.3±0.6 

183±3 59±1 

4.9±0.4 

- 
 PYPE - 64.7±0.6 2.8±0.0 
 PYPG - 66.5±1.1 3.2±0.2 
 LipidA 183±3 - 0.3±0.1 
 Inner 

35.0±0.7 

55±2 62.8±2.4 

5.0±0.3 

- 
 PYPE 59±1 61±1 8.4±0.1 
 PYPG 63±3 65±2 11.3±0.2 

  PVCL2 65±2 75±3 10.2±0.3 

LIP0 Outer 

35.3±0.4 

182.7±4.4 59.6±1.1 

7.1±0.5 

- 
 PYPE - 63.9±0.5 3.4±0.1 
 PYPG - 67±1 4.2±0.1 
 LipidA 182.7±4.4 - 0.2±0.1 
 Inner 

38.8±0.4 

61.3±2.2 65±2 

5.9±0.2 

- 
 PYPE 62.4±0.6 63.3±0.7 7.0±0.1 
 PYPG 60.1±1.5 70±2 9.0±0.1 

  PVCL2 75±3 82±3 12.7±0.1 
a MTP-P - membrane thickness measure between phosphorous atoms from opposite leaflets; 
APL1, APL2 - the area per lipid on the upper and lower leaflet, respectively; IM – inner mem-
brane; OM0 – outer membrane without antigens; OMA – outer membrane with antigens; LIP0 – 
mimetic E. coli system without antigens; LIPA – mimetic E. coli system with O-antigens. 
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Table 2 Acyl chain order parameter from pure and complex systems. 

Membrane Lipid type 
Order parameter 

Start Midpoint End 

IM PYPE 0.24 0.13 0.12 
 PYPG 0.23 0.13 0.12 

  PVCL 0.20 0.11 0.09 

OM0 PYPE 0.24 0.13 0.12 
 PYPG 0.25 0.13 0.12 

  LipidA 0.20 0.15 0.10 

OMA PYPE 0.20 0.10 0.08 
 PYPG 0.21 0.10 0.10 

  LipidA 0.17 0.14 0.07 

LIP0 PYPE 0.20 0.09 0.08 
 PYPG 0.19 0.11 0.09 

 PVCL 0.22 0.09 0.07 

 PYPE 0.20 0.09 0.08 
 PYPG 0.19 0.11 0.09 

  LipidA 0.20 0.23 0.13 

LIPA PYPE 0.22 0.12 0.10 
 PYPG 0.21 0.11 0.09 
 PVCL 0.23 0.09 0.08 
 PYPE 0.22 0.12 0.10 
 PYPG 0.22 0.11 0.09 

  LipidA 0.18 0.17 0.08 

 
Stress characterization was done by evaluation of the stress profile along bilayer normal 
and determination of the lateral pressure profile (LPP) π(z). As a reference, we present 
Fig. 3 where the lateral pressure profile of OM’s and LIPA combined with pure IM and 
OMA was calculated. For other systems, we collected the peak values (see Table 3).  

The introduced LPPs indicate a similar tendency between basic and complex mem-
brane. Starting from the bulk solvent, the first minor positive peak may be distinguished 
as a water-headgroup interface (I), indicating the repulsive forces from lipids. Further, 
the negative peak (II) is visible presenting glycerol region, including attractive hydro-
phobic forces [30], while subsequent major peak denotes the acyl chain region (III) and 
finish at the bilayer center nearby 6 nm (IV).  
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Fig. 3 Lateral pressure profile of A) OM0 and OMA, B) LIPA system with corresponding pure 
bilayer components OMA and IM. 

Finally, mechanical characterization of membranes is performed. Such characterization 
allows assessing very subtle changes induced by sugar-coating of LPS or additional 
membrane complexity. Both area compressibility (KA) and bending rigidity (κ) are de-
termined (see Table 3). All reported values are statistically significantly different. 
 

Table 3 Mechanical and pressure properties of pure and complex systems b. 

Mem-

brane 

κ κtilt KA1 KA2 KA 
Lateral  

pressure 

kbT kbT mN/m mN/m mN/m bar 

IM 22.1±0.6 10.6±0.3 133±20 133±17 133±15 647±21 

OMA 22.7±0.4 13.3±0.4 18±12 84±27 29±10 508±11 

OM0 29.2±0.4 17.1±0.2 57±6 141±34 81±18 670±30 

LIPA 

      

outer 25.0±0.5 15.8±0.6 41.7± 5.3 126.3±5.4 62.7±5.2 588±16 

inner 16±1 4.8±0.3 165±24 31±23 51±20 695±14 

LIP0 

      

outer 26.4±0.9 15.0±0.7 58.8±4.6 86.2±7.1 70.0±5.4 690±26 

inner 16.8±0.4 7.3±0.8 34±9 42±27 37±17 533±21 

b κ – bending rigidity; κtilt – tilt; KA1, KA2, KA - compressibility of the upper leaflet, lower leaflet, 
and total membrane, respectively; IM – inner membrane; OM0 – outer membrane without anti-
gens; OMA – outer membrane with antigens; LIP0 – mimetic E. coli system without antigens; 
LIPA – mimetic E. coli system with antigens. 
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4 Discussion 

For a comprehensive analysis, we decided to divide the discussion section into two 
subsections. First, we focus on the impact of the O-antigen segment on the asymmetric 
outer membrane. Next, we draw attention to the discrepancies in the complete bacterial 
membrane systems compared to single membrane model systems. 
 

4.1 The effect of the O-antigen region presence on the outer membrane 

parameters 

In the outer membrane systems, we observe significant differences between OM0 and 
OMA, as the latter one is equipped with an extra O-antigen region. The presence of that 
structure induces membrane thickness reduction and APL extension in the upper leaflet 
(see Table 1). Interestingly, this directly influences the lower leaflet, where the total 
APL is lower than in the corresponding leaflet in OM0 system. The change of mem-
brane thickness is proportional to the interdigitation of the acyl chains in the outer bi-
layer. We may conclude that the reduction in bilayer thickness is accompanied by the 
growth of the interdigitation [31]. The presence of O-antigens increases the interdigi-
tation between the lipidA and PE:PG leaflets, which is followed by thickness reduction. 
However, analysis of the interdigitation in asymmetric membranes with the LPS layer 
is not straightforward. Shearer et al. suggested that the properties of OM systems are 
much more dependent on the dynamics and structure of the LPS segment [32].  

The diffusion coefficient analysis showed a significant difference between OMA and 
OM0 systems as well. The occurrence of additional sugar coating substantially limits 
the mobility of the whole membrane. It remains consistent with the previous works 
[33–35]. The O-antigen essentially impacts the lower leaflet of the outer membrane, 
since PE and PG fluidity is restricted by 36% and 21%, respectively. 

The calculated order parameter indicated that in both cases ordering trend is decreas-
ing toward the bilayer center (see Table 2), our results are consistent with the ones 
presented by Wu et al. [13]. Interestingly the presence of the O-antigen segment affects 
membranes as values on both leaflets are lower.  

Both OMA and OM0 exhibit a similar pressure trend along the bilayer normal (see 
Fig. 3). Noteworthy, much higher lateral stress was denoted at the lower leaflet at the 
OM0 system, reaching the top value of 670±30 bar, while on OMA only 508±11 bar 
was observed. Since the presented membranes are not symmetric, the lateral pressure 
on the upper and lower leaflets varies, however, both in a similar manner. A slightly 
noticeable shift at the bilayer center represents the interdigitation parameter of both 
membranes and remains consistent with values in Table 1. Since the interdigitation in 
OMA acyl chains is more intense, the plot downhill is deeper. Since the presence of the 
antigens in the membrane decreases the lateral pressure and lateral diffusion, this 
change could have a significant influence on the behavior of the system. Changes in 
both parameters could influence for instance membrane transport [36]. 

The presence of antigens in the LPS leaflet induced significant mechanical changes 
(see Table 3). All of the parameters - bending rigidity, tilt, and compressibility - were 
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lower when O-antigens were present compared to the membrane without antigens. Such 
a difference is not surprising, as additional O-antigens are in the water part of the sys-
tem, hence exposing the leaflet to additional repulsive forces, making the structure less 
resistant and exhibiting more fluctuations. Since lateral diffusion and lateral pressure 
are lower when antigens are present it can be concluded that membrane is, at least in 
the interphase region, more ordered. Such a conclusion cannot be made for the acyl 
chain region, as interdigitation increases when O-antigens are present. 

4.2 The comparison of E. coli membrane models 

The models presented in this study require a detailed analysis of their topological and 
mechanical characteristics. To this end, we decided to compare those properties for 
both inner and outer membranes from the E. coli models to pure ones. Taking into 
account the entire set of membranes, LIPA and LIP0 exhibit reduced bilayer thickness 
in both inner and outer membrane cases. Major differences we observe between pure 
IM and LIPA where the thickness reduction was supported with cardiolipin (CL) APL 
decrement of 12.3% (4.9Å) and 26.1% (23Å2), respectively (see Table 1). In LIP0 struc-
ture modifications occurred in the inner membrane and the lower leaflet of the outer 
one when comparing APL and thickness parameters. Interestingly, significant reduction 
may be observed in the upper leaflet of the LIPA outer membrane, since lipidA reduced 
APL by 10 Å2. Analysis of the interdigitation parameter between acyl chains from op-
posite leaflets seems to be slightly different than before. Obtained values from the LIPA 
system did not vary enough and were not significant compared to IM and OMA models 
with extra O-antigens. Thus, this parameter is not sensitive to the complexity of the 
membranes. However, the opposite pathway has been presented in LIP0 system. The 
interdigitation pitched up by 20.4% (to 5.9±0.2Å) on IM and by 65.1% (to 7.1±0.5Å) 
on OM, respectively. Similarly, as before this phenomenon is inversely correlated to 
the bilayer thickness, where the decrease is accompanied by the interdigitation increase. 
We confirmed that the presence of O-antigens escalates the interdigitation between acyl 
chains from the opposite leaflet, followed by thickness reduction.  

Furthermore, investigation of the diffusion coefficient revealed that in comprehen-
sive models LIPA and LIP0 the mobility of the lipid particles is substantially limited. 
In LIP0, PE and lipidA fluidity was almost three and four times reduced, compared to 
OM0. A similar situation appears when analyzing LIPA and OMA, PE and lipidA mo-
bility is limited more than twice in both cases. In pure OMA long sugar chains O-anti-
gen reduce the fluidity of the whole membrane, which is accompanied by a correspond-
ing interdigitation parameter. Further, the difference in fluidity of OMA and OM0 outer 
membranes was reduced in the whole bacteria systems.  

Noteworthy the ordering of acyl chains is not as clear as, on pure outer membranes, 
observed fluctuations in several cases are not statistically significant (see Table 2). 
However, we indicate that the sn-2 ordering in the inner membrane of both LIPA and 
LIP0 compared to pure IM significantly decreased. 

Afterward, we compared the LPPs of the LIPA and LIP0 to indicate the stress tensor 
contrasts resulted from O-antigen presence (see Fig 3). Pure IM exhibits higher lateral 
stress at the lower leaflet since extreme values are reached compared to the LIPA 
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membrane. Marginal shifts at the bilayer center represent the interdigitation of both 
membranes and remain consistent with values in Table 1. Finally, LIPA reaches the top 
stress value of 695±14 bar at the upper leaflet of the inner membrane. Pressure on the 
outer membrane was lower than in the case of the inner. In LIPA the total lateral pres-
sure in the inner and outer membrane is higher compared to pure ones (IM and OMA) 
and it was interestingly distributed mostly on adjacent leaflets. In our opinion growth 
of pressure on the upper leaflet from the inner membrane and the lower leaflet from the 
outer membrane supports the complex system formation, while the highest lateral stress 
occurs there. 

Moving forward to the mechanical characterization the differences in mechanical 
properties are also statistically significant when the additional membrane is present in 
the system (see Table 3). Obtained κ values from pure systems are consistent with those 
delivered by Hsu et al. [33]. In the case of IM bending rigidity was lower in IM of both 
LIPA and LIP0 when compared to the model IM system. The opposite tendency was 
observed in the case of area compressibility where IM of LIPA and LIP0 had, in gen-
eral, lower values than in the model system. Similar to Jefferies et al. we notice that 
various LPS composition differ in the matter of mechanical strength or mobility [37]. 
Differences can be observed in the case of OM, however, due to the presence of anti-
gens, the tendency is less straightforward. Bending rigidity values of OM in LIPA and 
LIP0 systems are in between the values of the model OM system with and without O-
antigens. This suggests that additional bilayer in the system stabilizes the system with 
antigens but also increases the whole dynamics of the membrane without antigens. This 
is also valid for the area compressibility parameter of whole membranes, however, be-
came more complicated to evaluate when individual leaflet compressibilities were 
taken into account. Nevertheless, it should be noted that the presence of the second 
membrane in the simulated system strongly affected the mechanical behavior of both 
membranes when compared to single membrane model systems, and should be consid-
ered in numerical studies for better biological context. 

5 Conclusions 

In this paper, we performed a detailed study of structural, mechanical and stress param-
eters of lipid membranes mimicking the E. coli dual membrane system. We showed the 
changes of numerically determined parameters with progressive complexity of the 
membrane systems. We presented that LPS-rich outer membrane properties strongly 
depend on the structure of LPS itself, changing dramatically each of the investigated 
parameters. Furthermore, we showed that the presence of the second (inner) membrane, 
mimicking the OM/IM relation in E. coli, significantly influenced primary membrane 
properties as well. Such changes may be crucial for interaction origins between parti-
cles and the membrane. As a result, common biological phenomena could not be ob-
served numerically - or will behave differently from reality - if the simplified membrane 
model is used in the simulation. In future perspectives, the interactions of membrane-
active particles and membranes in various membrane mimetic systems should be inves-
tigated. 
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