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Abstract. In this work we have determined the parameters of transbilayer pore formation 
induced by the collective thermal motion (CTM) of phospholipid bilayer molecules. Using the general 
theory of continuous elastic media we have designed a simple model of pore formation. The pore 
radius calculus describes in mathematical terms the lipid bilayer fluctuations, which give rise to 
different types of pores: open stable pores, closed stable pores (zippered pores) and unstable open 
pores (which determine the membrane breakdown). After bilayer deformation, the sinusoidal torus 
becomes an elliptical torus. Equating the volumes of these geometrical shapes, we obtain the 
mathematical expression of the pore radius. Comparing the pore radius with the hydrophobic bilayer 
thickness, the pore stability can be estimated. The effect of different degrees of polar groups hydration 
on the thermoporation process was analyzed. 
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INTRODUCTION 

Since their first description black lipid membranes (BLMs) were the most 
suitable artificial membrane models in numerous experiments which supplied 
important information necessary for a better understanding of the life processes 
occurring in living cells [50]. Beside various structures involved in membrane 
transport, different types of pores are also implicated (Fig. 1). 

Transmembrane pores are formed in biological structures in various 
circumstances:  

• Genetically determined pores grouped in the endothelial cells of liver 
sinusoid capillaries [39, 54]. 

• Ionophores, like the toxin gramicidin [10, 13] which following insertion in 
membranes, undergo a self-assembly process leading to pore formation [5, 26]. 
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Fig. 1. Two types of pores generated by the BLM thickness fluctuations: open pores (left side), 

or closed pores (right side). Circles represent the polar head groups of the lipids. The pore radius is 
denoted by rp. 

 
• Stochastic lipid pores. The presence of such pores was detected in bilayers 

subjected to external electric fields [1]. After a period of latency from the 
beginning of a voltage pulse, current fluctuations (~10 pA) were noticed. These 
fluctuations are appearing due to superficial defects generated by polar group 
density fluctuations, evolving to transbilayer pores [3]. The thermal movement 
creates crowded regions that alternate with depopulated regions of polar groups. 
Within depopulated regions water comes into direct contact with hydrophobic tails 
and the initial superficial defect can evolve to a volume defect of the hydrophilic 
region. The result is that the hydrophobic pore transforms into a stable hydrophilic 
pore. This was the first mechanism proposed for the formation of transmembrane 
pores, based on lateral displacement of lipid molecules due to thermal motion [3, 32]. 

Theoretical biophysicists have chosen the cylindrical hydrophilic pore model 
[41].  In 1992, a new model of elliptical thoroidal pores was proposed [31, 32]. The 
model considered that pore surfaces are elliptical, covered by polar groups and the 
formation energy of such a stable pore equals 91 kT [32]. In addition, this model 
can explain the flip-flop "diffusion" of lipid molecules by diffusion along the pore 
surface, from one monolayer to the other [3, 23, 34]. Without explicitly specifying 
the way of calculating the pore energy formation, we suppose that the deformation 
is normal to the bilayer surface [18, 29]. 

Our work will provide phenomenological and theoretical proofs that local 
thickness fluctuations, generated by lipid molecule oscillations perpendicular to the 
bilayer surface, represent a novel mechanism of stochastic transbilayer pore 
formation. This process is called thermoporation [41, 46].  

THE FREE ENERGY OF LIPID BILAYER DEFORMATION 

In 1974, Pierre G. de Gennes was the first that applied the theory of elasticity 
of continuous media to liquid crystals [7]. Taking into account single axis smectic 
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liquid crystal of type A, the average orientation of the long molecular axis is 
described in the point r by the direction vector n(r) (Fig. 2).  

The system of co-ordinates has its origin in the mass center of the liquid 
crystal with the axis Oz oriented perpendicularly to the surface layer. 

The direction of n(r) is the same with the optical axis of the liquid crystal. In 
the first part of this approach, we shall consider that the elastic deformations do not 
induce local modifications of the liquid crystal density. 

The expression of the deformation free energy, ∆F, in accord with the theory 
of the continuous elastic media, applied to liquid crystals, has the following form: 
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Fig. 2. The functions that describe the lipid bilayer deformation as a two layers smectic liquid crystal 
of type A: function u(x,y) that describes the deformation of the monolayer and the unity vector n(r) 

describing the change of the initial direction of lipid molecules axis. 

The crystal deformation is characterized by the direction change of the vector 
n(r). Its modulus is unity. However, it has a variable direction unlike a unit vector. 
We also assume that n varies slowly and smoothly with r. The coefficients Ki (i = 
1,2,3) are positive elastic constants that correspond to each type of deformations.  

The terms from equation (1) indicate the free energy of splay deformation, 
the torsion free energy (twist deformation) and the bending free energy, 
respectively. We consider the smectic liquid crystal of type A composed of many 
parallel and equidistant layers, so:  

• The monolayer thickness is denoted by h.  
• The component molecules, with an elongated conformation, have their 

long axis perpendicularly oriented to the surface layers.  
• The system of co-ordinates has its origin in the mass centre of the liquid 

crystal with the axis Oz oriented perpendicularly to the surface layer.  
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We assume that the liquid crystal undergoes a small deformation, which is 
characterised by a long wavelength. The displacement of the distorted surface was 
denoted by u(x,y), compared to its initial position (plane surface of the liquid 
crystal). We considerd that the molecular deviations versus Oz are small, and 
therefore neglected. In the case of an A type smectic liquid crystal, the twist and 
bending deformations are excluded. The new n(r) components for the deformed 
crystal are defined by the function u(x,y) as it follows: 
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Therefore, in this case the deformation free energy per unit area is: 
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where, B  represent the elastic compression constant. 
The lipid bilayer deformation is followed by the modification of its surface 

form and size. 
The variation of the unit area, ∆s, due to the BLM deformation, is given by: 
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We can obtain a complete expression for the deformation free energy per unit 
area if we take into account the energetic contribution caused by the change in the 
cross-sectional area of the BLM surface:  
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where 
• the first term represents the elastic compression energy of the BLM, 

characterised by the elastic compression constant, B ; 
• the second term indicates the elastic energy of splay distortion, 

characterised by the elastic coefficient, K1 ; 

• the third term is the free energy due to the surface tension, characterised by 
the surface tension coefficient, γ. 
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In our case, the lipid monolayer deformation shows a cylindrical symmetry, 
therefore equation (5) becomes: 
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The total change of the deformation free energy of BLM determined by a 
perturbation on a planar surface of radius R, is given by: 
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We have chosen as displacement function: 
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This is a good approximation of the exact solution of the equation which 
minimises the deformation energy. Unfortunately, this equation is rather complex.   

The lipid zones thickness of biomembranes is not the same along the whole 
cell, because the lipid matrix is composed of a mixture of lipids that have 
hydrophobic chains of different length. These lipids selectively associate, forming 
different hydrophobic clusters [30]. In addition, the integral proteins produce 
around them a local change of the lipid bilayer [13, 41]. On the other hand, the 
membrane is not a static structure. The lipid bilayer surface is a dynamic 
succession of valleys and hills [8, 12, 14, 27]. We are interested in the 
perpendicular oscillations on the surface bilayer of individual lipid molecules, 
which are determined by thermal motion. Individual oscillations can generate a 
collective one, caused by interactions between lipid molecules. This local 
collective thermal motion (CTM) is the cause of the lipid bilayer thickness 
fluctuation. If the amplitude of the local thickness fluctuation in each monolayer, 
which is caused by thermal motion, is equal to the hydrophobic thickness, then the 
two bilayer interfaces can contact each other. Using molecular dynamic 
simulations we can obtain undulations and thickness fluctuations in lipid bilayers 
[17]. From this state the lipid bilayer can be perforated. The size of the region, 
occupied by lipid molecules involved in collective thermal motion (CTM), is 
denoted by R. Sometimes it is easier to use the number of lipid molecules, Nm, 
which is involved in collective thermal motion. Between R and Nm the following 
relation exists:  πR2 = Nma0 (where a0 is the cross-sectional area of the polar head 
groups – see below). 
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Our starting hypothesis was that the bilayer deformation is caused by 
collective thermal motion, the single energy source for deformation. So, we can 
impose the condition: 
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where Nm is the number of phospholipid molecules involved in collective thermal 
motion, N is the number of atoms of a single phospholipid molecule, Nc the number 
of intra-molecular constraints (covalent bonds, angles, etc.), cε  the mean kinetic 

energy of a phospholipid molecule, B
2

k T
 the mean kinetic energy associated to a 

single molecular freedom degree, h the half-thickness of the lipid bilayer and a0 = 
38.6 Å2 [9],  represents the cross-sectional area of the polar head groups. For a 
polyatomic molecule, we have 3N – Nc = 6.  

Introducing function u(r,λ) into equation (7) and performing integration over 
the R range, considering equal sign in (9), we obtain the equation for the 
wavelength λ, as a function of the size of the perturbed area. 

In the next sections, we try to realize a general description of pore formation. 
The basic phenomenon for pore formation is the normal oscillation of lipid 
molecules, that induces thickness fluctuations into the lipid bilayer. 

CALCULATION OF THE PORE RADIUS 

A rearrangement of the molecules situated in the deformation zones may take 
place after perforation of the BLM. The surface of the sinusoidal torus modifies its 
concavity becoming the surface of a revolution elliptic torus (Fig. 3). The pore 
radius can be obtained equating the volumes delimited by the two revolution 
surfaces (i.e. sinusoidal and ellipsoidal), before the BLM perforation and after 
molecular rearrangement [40]. 

We consider the space domain, D, of an ellipsoidal torus, defined by the 
relations: 
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where b is one of the semiaxes of the ellipse, the other is equal to h. 
Using a system of polar coordinates, the volume, D, of an ellipsoidal torus, is 

given by: 
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Fig. 3. Cross-sectional view through the BLM deformed in the case in which the radius, R, of the 
perturbation zone is: a. smaller than λ/4, and b. greater than λ/4. λ and r indicate the BLM wavelength 

deformation and the pore radius, respectively. The lipid rearrangement starts just immediately after 
the BLM perforation. The molecules, which before membrane perforation belonged to the volume 
represented in section by the hatched region in this figure, will be refound in the volume limited by 

the elliptical surface of the ellipsoidal torus. 

With some standard calculations, we can obtain the following expression for 
the volume of the ellipsoidal torus after pore formation: 
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For any ( )/ 4, / 2∈ λ λR , let us define the function ( )rf  by: 
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Using this function we define the following two domains: 
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For ( )0, / 4∈ λR  we define other two domains: 
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The volume of the domain ,λΩ R , characterising a sinusoidal torus, is given by: 

 ( )

2

2

2

2 2 2
1 cos sin ,

8 4
, 2

2 4 2
1 1 sin ,

8 2 4

π π π π λ+ − − ≤λ λ λ λ λ = π  π  π π π π λ  + − + − ≥  λ λ 

st

R R R
R

V R h
R R

R

 (19) 

Equating the two volumes given by the equations (12) and (19), namely 

( ) ( )et st, ,λ = λV b V R , we can calculate the magnitude of the pore radius, r. 

THE PROBABILITY OF TRANSBILAYER PORE APPEARANCE 

According to the thermoporation mechanism analyzed in this paper, a 
stochastic pore may appear in a lipid bilayer, only if its deformation energy is 
sufficiently high for the lipid bilayer to be perforated. So, the transbilayer pore 
formation is a process that takes place only if an energy barrier is overcome. It 
happens if the probability of a pore appearance is: 
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where, ∆Fp is the deformation energy for bilayer perforation, which is an 
increasing function of R (also of Nm). 

CRITICAL RADIUS OF TRANSBILAYER PORES 

Unfortunately, the continuous medium theory does not give a condition for 
pore stability. From this reason we will adopt a formula proposed by Lister [51] 
used for stochastic pores, which appear according to the mechanism of superficial 
defects. 

According to this formula the energy of pore formation is given by: 

 22∆ = π σ − π γF r r  (21) 

where σ is the line tension (strain energy per unit length of the bilayer pore edge), 
and γ is the superficial tension of lipid bilayer. The critical radius and the energy 
barrier are: 

 
2

c c;
σ πσ= ∆ =
γ γ
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We considered that σ is equal to the superficial tension of the pore multiplied 
by the  hydrophobic thickness, i.e. σ ≈ 2hσp [1]. Here we supposed that σp is 
approximately equal to the interfacial tension (σp ≈ γ/2). In these conditions rc is 
equal to the bilayer half-thickness. The exact relation between σ and σp is σ = lg.σp, 
where lg is the length of the rotation surface generatrice of the pore [55]. For a 
cylindrical pore lg = 2h. 

RESULTS 

The hydration of the polar zone of the BLM is equivalent to the increase of 
the cross-section area of each polar group. In addition, a decrease of the 
hydrophobic thickness also happens, because the hydrophobic chains have a larger 

free volume  [2, 15]. Most probably, the elastic compressibility coefficient, B , is 
also modified,  mainly due to the lateral compression. Figure 4 (curves 0 and 1) 
shows the dependence of the pore radius and of the deformation length on the 
perturbation region radius, when the hydrophobic thickness increases with 10Å 
(from 30.5 Å to 40.5 Å). This means a double number of lipid molecules that must 
participate in the CTM (N ∈[49–50] if 2h = 30.5 Å and N ∈[99–117] if 2h = 40.5 Å).  

In order to study the hydration effect we have chosen two sets of BLMs.  
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The first set contains:  
• the reference anhydrous BLM (2h = 30.5 Å, a0 = 38.6 Å2, curve marked with 0); 
• the hydrated BLM, which preserves its hydrophobic thickness (2h = 30.5 

Å, a0 = 59 Å2, curve marked with 1), called in the following text - hydrated BLM;  
• the hydrated BLM with reduced hydrophobic thickness (2h = 25.2 Å, a0 = 

59 Å2, curve marked with 2), named hydrated and thinner BLM;  
 

1 
*

4 1 * 4 

 

Fig. 4. Plots that illustrate the dependence of the deformation: A. wavelength of the perturbation zone 
radius; B. the pore radius versus the perturbation zone radius. Curves marked with zero (0) are 
indicated for reference BLM. Curves 1 represent planar BLM with a high cross-section area of the 
polar head group a0 = 59 Å2, 2h = 30.5 Å. Curves 2 represent hydrated planar BLM with 2h = 25.2 Å 
and a0 = 59 Å2. Curves 3 represent hydrated planar BLM with 2h = 25.2 Å, a0 = 59 Å2 B = 5×106 Nm2 
taking into account the change in the lateral compression. Curves marked with (*), thin non-hydrated 
planar BLM, with 2h = 40.5 Å and a0 = 38.6 Å2. Curves 4 represent hydrated planar BLM with 2h = 
34 Å and a0 = 50 Å2. The region from each plot situated at the end of the lower branch (indicated by 
scattered graph) from graph (A) corresponds to closed pores. The other unspecified parameters of the 
lipid bilayers are identical with that of the reference BLM (curves 0). See the main text. 

• the hydrated BLM for which one takes into account secondary effects: 
decrease of both the hydrophobic thickness and the elastic compression coefficient 
(2h = 25.2 Å, a0 = 59 Å2 and B = 5×106 N/m2 curve marked with 3), named soft 
hydrated thinner BLM. 

The second set of BLMs contains only two bilayers:  
• an anhydrous thicker BLM (2h = 40.5 Å, a0 = 38.6 Å2, curve marked with *) 

taken as reference for the other, which is  
• partially hydrated (2h = 34 Å, a0 = 59 Å2, curve 4). The data for hydrated 

BLMs were taken from literature [44].  
The parameters that characterize the reference lipid bilayer were determined 

experimentally, and have the following values:  
• The hydrophobic core thickness: 2h = 30.5 Å [4, 54];  
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• The cross-section area of a lipid molecule in an anhydrous bilayer: 
a0 = 38.6 Å [9];  

• The splay coefficient: K1 = 0.933⋅10–11N [6, 11, 46];  
• The compressibility coefficient: B = 5⋅107 N/m2 [9]; superficial tension: 

γ = 15⋅10–4 N/m [9]. For all bilayers the temperature was T = 300 K.  
The results are plotted in Fig. 4a, b. 
In Tables 1 and 2 instead of the radius  R, of the perturbed zone, the number 

of lipid molecules Nm is given,  parameter that describes the size of CTM. The radii 
of the most probable pores for the BLMs of the first set are (see columns 2 and 3 in 
Table 1): 

• rpo = 11.7 Å, for the reference BLM (its appearance conditions are: λ = 87.9Å 
and Nm = 49 lipid molecules); 

• rpo = 8.1 Å, for the hydrated BLM (it appears when λ = 128 Å and Nm = 47);  
• rpo = 9.9 Å, for the hydrated and thinner BLM (λ = 93 Å and Nm = 41); 
• rpo = 12.5 Å, for the soft thinner hydrated BLM, (it appears when λ = 85.4 Å 

and Nm = 27).  

Table 1 

The main values of the radius (R) of the region covered by the collective thermal motion and the 
pores radii in the case of two unhydrated bilayers and of four hydrated ones, for which the trans-
bilayer pore can have two states. The parameters R and r are measured in Å. Nm is the number of 
molecules participating simultaneously in the collective thermal motion. The closed pores are 
characterized by the ratio between closure distance and hydrophobic thickness (d/h). The indexes L 
and n were used for the pore radius in order to mark the larger pore (L), or the narrow pore (n) as the 
most probable pore when there are two competitive states for a transbilayer pore. 

Two pores Open and stable 
Open and stable 

Closed 

Open and unstable 

Open and stable 

Open and unstable 

Closed 

 R; (Nm) rpL; rpn R; (Nm) rpL;  d/h(%) R; (Nm) rpL; rpn R; (Nm) rpL; d/h(%) 
2h=30.5 Å 

a0=38.6 Å2 

24.7–25.4 

(49–51) 

11.7–14.8 

11.7–4.0 
– 

– 

– 
– – – – 

2h=30.5 Å 

a0=59 Å2 

30.1–35.5 

(47-66) 

8.1–12.3 

8.1–0.3 

35.5–36.1 

(66-68) 

12.7–15.25 

9.4–95 
    

2h=25.2Å 

a0=59 Å2 

27.8–28.0 

(41–42) 

9.9–12.6 

9.9–5.7 
– 

– 

– 

28.0–28.5 

(42–43) 

12.6–13.9 

5.7–0.7 

28.5–29.0 

(44–45) 

13.9–14.9 

9.4–94 

2h=25.2Å 

a0=59 Å2 

B=5⋅106  N/m2 

        

2h=40.5 Å 

a0=38.6 Å2 

34.6-35.2 

(97-101) 

11.2–16.0 

11.2–0.8 

35.2-35.8 

(101-104) 

16.0–17.4 

9–93 
    

2h=34Å 

a0=50 Å2 

36.7–37.3 

(86–88) 

10.2–15.0 

10.23–0.6 

37.3–38.0 

(88–91) 

15.0–16.8 

9.4–94 
– – – – 
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Table 2 

The main values of the radius (R) of the region covered by the collective thermal motion and of the 
pore radius, for the same bilayers as those from Table 1; in this case, the transbilayer pore has only 
one state. The parameters R and r are measured in Å. Nm is the number of molecules participating 
simultaneously in the collective thermal motion. The closed pores are characterized by the ratio 
between closure distance and hydrophobic thickness (d/h). The indexes L and n were used for pore 
radius, in order to mark the larger pore or the narrow pore, as the most probable pore when two 
competitive states for a transbilayer pore are possible.    

 
One pore Open and stable Open and unstable Closed 

 R; (Nm) rpL; rpn R; (Nm) rpL R; (Nm) d/h(%) 
2h=30.5 Å 

a0=38.6 Å2 

25.4–25.6 

(52–53) 

– 

4.0–0.6 
– – 

25.7–26.0 

(54–55) 

– 

9.4–94 

2h=30.5 Å 

a0=59 Å2 
– – 

36.1–53.8 

(69–152) 

15.25*–28.8 

– 
– – 

2h=25.2Å 

a0=59 Å2 
– – 

29.0–34.2 

(45–62) 

14.9–19.9 

– 
– – 

2h=25.2Å 

a0=59 Å2 

B=5⋅106N/m2 

22.5–24.2 

(27–31) 

– 

12.5–0.6 

– 

– 

– 

– 

24.2–24.8 

(31–34) 

9.4–94 

 

2h=40.5 

a0=38.6 Å2 

35.8–37.9 

(104–117) 

17.4–20.25 

– 

37.9–46.7 

(117–177) 

20.25–27.2 

– 
  

2h=34Å 

a0=50 Å2 

38.0–38.7 

(91–92) 

16.8–17 

– 

38.7–123.2 

(93–954) 

17.0–71.1 

– 
– – 

DISCUSSIONS 

Taking into account what we have said above, we see that for lipid bilayers 
with a hydrophobic thickness of 30.5 Å, the radius of the critical pore is rc = 15.25 Å. 
The formation of an unstable pore in the reference BLM is impossible (Fig. 4 b, 
curve 0 and row 1 from Tables 1 and 2).  

The compatibility range (CR) of R for hydrated BLM with big polar head 
groups is 30.1 Å ≤ R ≤ 53.8 Å (Fig. 1, curve 1, Tables 1 and 2, row 2). The 
noninjectivity range is only 30.1 Å ≤ R ≤ 36.1 Å. At these R-values only open and 
stable pores (8.1 Å ≤ rp ≤ 15.25 Å) appear, for hydrated BLM with big polar head 
groups in competition with narrow (rp ≤ 8.1 Å) or closed pores (Fig. 4 b, curve 1 
and Table 1, row 2, columns. 3 and 5). Unstable pores will appear only if 36.1 Å ≤ 
R ≤ 53.8 Å, which is equivalent with a simultaneous movement of a number of 
lipid molecules Nm, in the range 69 ≤ Nm ≤ 152, (Table 2, row 2, col. 5). 
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In the case of hydrated and thinner BLMs (Fig. 4 b, curve 2, row 3 from 
Tables 1 and 2) the radius of the critical pore is equal to rc = 12.6 Å, owing to the 
decrease of the hydrophobic thickness which follows the hydration of the polar 
region. These values correspond to R-values from the noninjectivity part of CR, so 
an additional combination of pore states will appear compared to the corresponding 
anhydrous BLMs. For example: 

• If 41–42 molecules generate the perturbation of BLMs surface, both pores 
may be open and stable. The larger pore has its radius 9.9 Å ≤ rp ≤ 12.6 Å and the 
narrow pore has its radius 5.7 Å ≤ rp ≤ 9.9 Å and (Table 1, row 3, col. 3).  

• If simultaneous and normal movements of 42–45 molecules generate the 
perturbation of the bilayer surface, then the larger pore is unstable because it has its 
radius greater than the critical one (rc= 12.6 ≤ rp ≤ 14.9 Å) and the narrow pore has 
its radius rp ≤ 5.7 Å or it is closed (Table 1, row 3, col. 7 and 9). 

• If 45–62 molecules are involved in the CTM, the pore has only an unstable 
state (rc < 14.9 Å ≤ rp ≤ 19 Å), the open pore is unstable (Table 2, row 3, col. 5). 

• There is only a single pore open and stable (rp ≤ 12.5 Å) or a closed one for 
the modified BLM due to all secondary effects of hydration, becoming thinner and 
soft (Table 2, row 4, col. 3 and 7, respectively). 

A hydrated BLM obtained from a lipid BLM with a big hydrophobic core 
thickness is more resistant to thermoporation. This may be seen in Fig. 4 a, b on the 
curves marked with * and 4 (and in Tables 1 and 2, rows 5 and 6), corresponding to 
the lipid BLMs of the second set. For the anhydrous BLM, rc = 20.25 Å, while for 
hydrated one rc = 17 Å. The pairs of pores states remain available for both BLMs. 
So, for the anhydrous BLM the uninjectivity part of CR is 34.6 Å ≤ R ≤ 35.8 Å (97 
≤ Nm ≤ 104) (Table 1, row 5, cols. 2 and 4). For each of these values of R the 
appearance of a larger and stable pore (11.2 Å ≤ rp ≤ 17.4 Å) is possible, as an 
alternative to a narrow pore (rp ≤ 11.2 Å) or a closed one (Table 1, row 5, cols. 3 
and 5). 

For R-values from the bijection range an open pore which is stable may 
appear (17.4 Å ≤ rp ≤ 20.25 Å) if 35.8 Å ≤ R ≤ 37.9 Å (Fig. 4 b, curve marked with *, 
Table 2, row 5, col. 3), or an open and unstable pore (20.25 Å ≤ rp ≤ 27.2 Å) can 
appear, if 37.9 ≤ R ≤ 46.7 Å (117 ≤ Nm ≤ 177) (Fig. 4 b, curve marked with *, 
Table 2, row 5, col. 5).  

For the corresponding hydrated BLM the things are similar. For the 
noninjectivity range, 36.7 Å ≤ R ≤ 38 Å, (86 ≤ Nm ≤ 91) pairs of stable pores may 
appear: one is larger 10.2 Å ≤ rp ≤ 16.8 and the other is narrow, rp ≤ 10.2 Å or 
closed (Fig. 4 b, curve 4, Table 1, row 6, cols. 3 and 5). 

A single open and stable pore may be generated if 38 Å ≤ R ≤ 38.7 Å (91 ≤ 
Nm ≤ 92) with a radius 16.8 Å ≤ rp ≤ 17 Å = rc (Fig. 4 b, curve 4, Table 2, row 6, 
col. 3). For the last part of CR 38.7 Å ≤ R ≤123.2 Å (91 ≤ Nm ≤ 954) an unstable 
pore (17Å ≤ rp ≤ 71Å) may appear (Fig. 4 b, curve 4, Table 2, row 6, col. 5).  
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As we can see in Table 1, in the generation of pores by collective thermal 
motion a small number of molecules are involved, so we believe that the pores 
appearance caused by the thickness fluctuations is quite plausible. Recently these 
pores were obtained by molecular dynamics simulation [56]. In many cases 
approached in this text, values of collective thermal motion magnitude expressed 
by R-values, for which pores can have two states, can be found.  

From the energetical point of view, these two states, corresponding to the 
same value of R, are equally probable, because ∆Fp from eq. (20) does not change. 
As we have already mentioned, the value of the deformation wavelength 
determines in which state the pore may appear. In some cases the translation of a 
pore from a state to another is determined by a small change in the R-value (about 
fractions of Å) or in the number of lipid molecules from CTM (one or two 
molecules) as given in Table 1, rows 3, for example. In these situations we can see 
the importance of the wavelength in bilayer deformation, which is determined by 
the initial dephasing existent between the molecules participating in the collective 
thermal motion.  

On the other hand, an interchange of lipid molecules (those from the bottom 
of the deformation) between the two monolayers is possible without the bilayer 
perforation. In other words, the flip-flop phenomenon is possible without pore 
generation. The molecules located in the central deformation region of the two 
monolayers, which can have the polar groups in the median plane of the BLM, can 
realize a very stable configuration by antiparallel coupling of their electrical 
dipoles. If the BLM will not generate the formation of a pore, but evoluates 
towards elimination of the deformation, the two coupled molecules (one from each 
monolayer) will remain in one of the two monolayers. In addition, the flip-flop 
phenomenon can also take place by diffusion of the molecules on the formed pore 
surface, which in certain conditions can disappear. 

The probability of stable pore appearance increases following hydration. This 
is because the number of lipid molecules necessary for stable pore formation 
decreases after hydration of lipid BLM. On the other hand, for the thinner hydrated 
BLMs, the thermoporation is less probable. 

The decrease of the elastic constant of compression, especially due to the 
lateral compression, must be also considered. These observations are relevant for 
liposomes, which are used as drug carriers. We have to add that in the text the 
value of lipid molecule number is referring only to the molecules from a 
monolayer. 

CONCLUSIONS 

The thickness of a lipid bilayer, formed from a lipid mixture, is not constant 
along the entire bilayer, for two reasons:  
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• bilayer phospholipids have hydrophobic chains of different lengths;  
• selective associations happen between molecules [21, 22, 23, 30, 35]. 
The result of these selective associations in BLMs consists in the formation 

of clusters separated by microinterfaces [13, 14, 15, 20, 31]. 
These clusters form different thickness regions, depending on the lengths of 

the molecular chains that have contributed to their occurrence [24, 36, 37, 38]. 
These thickness variations overlap with lipid molecule fluctuations perpendicular 
to the surface due to thermal motion. It is possible that a monolayer deformation 
overlap with another monolayer deformation. The amplitudes of both deformations 
can be equal to the half thickness of the bilayer. In this situation, the lipid bilayer 
breakdown can produce pores generated by thickness fluctuations and determined 
by thermal movements of lipid molecules perpendicular to the surface. Generally, 
lipid bilayers, either artificial or natural, are not homogeneous. 

The pore formation mechanism by thermal fluctuations is not yet well 
understood, still being a matter of challenge and controversies. We tried to 
demonstrate that the general theory of continuous elastic media could predict the 
generation of all types of pores generated by the BLM thermal fluctuations of 
thickness. The thermal energy necessary to cause BLM deformation is proportional 
to R2. Therefore, the closer to Rm is the radius of the collective thermal motion 
zone, the greater the probability is for a pore to appear. 

The closed pores resulting from the coupling between the polar head group 
dipoles can be very stable. The space between the polar head groups is filled with a 
row of water molecules. Practically, the closed pore radius is not zero. 

Our results, obtained by application of the general theory of continuous 
elastic media to the BLM elasticity, confirm the existence of a new mechanism of 
transbilayer pore formation. The mechanism of pore formation is based on the 
variation of BLM thickness due to the collective thermal motion, but it does not 
exclude the surface defects induced by lateral thermal motions. 
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