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Abstract

In this study, the effect of heat shock on the cell membrane was investigated
using molecular dynamics (MD) simulations. Specifically, we examined the
structural and dynamic behavior of a 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) lipid bilayer as it was exposed to increasing
temperatures ranging from 310K to 340K. The results revealed a significant
transition in membrane behavior as temperature increased, particularly at
330K and 340K, where the bilayer exhibited characteristics of a fluid disordered
phase. This transition was marked by an increase in the area per lipid, a
decrease in bilayer thickness, and a reduction in the deuterium order parameter
(Scd), indicating increased molecular disorder and membrane fluidity.
Additionally, the number of hydrogen bonds between lipid head groups and
surrounding water molecules declined, weakening electrostatic interactions and
promoting bilayer permeability. At 330K and 340K, these changes contributed
to the formation of transient pores, which could facilitate molecular transport
across the bilayer. The optimal temperature for maintaining membrane stability
while enhancing molecular diffusion was found to be 320K, where the bilayer
retained an ordered structure and displayed increased lipid mobility without
significant disruption. These findings provide valuable insights into the thermal
regulation of membrane behavior, which has critical implications for processes
such as drug delivery, gene transfection, and thermal therapy. Molecular
dynamics simulations at the atomistic level allow us to uncover intricate details
of membrane phase transitions that are challenging to observe experimentally.

Keywords: Molecular dynamics, Phospholipid bilayer, Heat shock, Gene transfection, Membrane
permeability, Fluid disordered phase.

1. Introduction

Many studies have been conducted on physicochemical properties of lipid bilayers which are the first barrier to enter
the cell and have a vital role in membrane function. Gene transfection is a powerful therapy for cancer and infection
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diseases. There are different procedures including physical and chemical methods for gene transfection [1]. Physical
gene transfection methods are electroporation [2, 3], sonoporation [4-6] and mechanoporation [7, 8]. In all of these
methods, an external physical field into the cell causes cell membrane instability and the formation of pores in the
cell. One of the methods investigated by the researchers for gene transfection is applying heat into the living cell.
Takai et al. [9] showed that transfection and gene expression were enhanced with increasing temperature. Other
studies indicated that transfection efficiency was increased during sonication [10, 11], as well as other methods such
as electroporation [12] and polymer-mediated DNA delivery [13] by increasing temperature. Silva et al. [14]
measured the electrical charge of the lipoplex surface by increasing temperature. They reported that increasing the
incubation temperature from 25 to 50 °C resulted in positive charge re-localization in lipoplex surface (higher
positive-potential) and higher lipoplex compaction (mean diameter reduction).

Different environmental conditions such as temperature, stretching, and chemical composition affect lipid bilayer
behavior. It is demonstrated that the concentration of cholesterol has a condensing and ordering effect on lipid
bilayer [15, 16]. Mukhpadhyay et al. [17] simulated the effect of NaCl solution on lipid bilayer properties. Their
result exhibited that Na* ions penetrate deep into the ester region of the water lipid interface and ions do not have a
significant effect on area per lipid and order parameter of the lipid bilayer.

Clarification of the temperature effect on the lipid bilayer and its transport behavior in the heat shock process is
necessary. Lipid bilayers could have different phases that are temperature dependent, namely gel phase, liquid
crystalline phase, subgel phase, and ripple phase. It is revealed that biological actions take place in the liquid
crystalline phase therefore many studies have focused on recognizing physicochemical and mechanical properties of
this phase [18, 19]. Garcia et al. [20] investigated the structure and phase transition of a lipid bilayer with atomic
force microscopy (AFM). They observed a jump in force during the phase transition from the gel phase to the liquid
crystalline phase. These results are experimentally in the macromolecular scale that are controlled by molecular
interactions. Molecular dynamics (MD) simulation is a powerful method that can analyze the interaction between
molecules in a system in atomistic level and reveals issues that are not observable experimentally [21].

In this study, the effect of increasing temperature on phospholipid bilayer membranes was investigated by MD
simulation.

2. Simulation method

GROMACS 5.1.4 MD simulation package was used for employing MD simulation [22]. All-atom GROMOS54A7
force field [23] was used in all simulations with the simple point charge (SPC) model for water molecules [24].
Previous researches show that this force field is suitable for biomolecules [25-27]. The force field parameters for the
lipid were taken from Ref. [28]. The temperature was kept constant by using V-rescale Thermostat and with a
coupling time constant of 0.5 ps [29]. The pressure was maintained at 1 bar by applying the Berendsen algorithm
with adjusting 2 ps for the coupling time constant [30]. The leap-frog algorithm was employed for integration of
equations of motions under periodic boundary conditions in all directions with a time step of 1 fs. All bonds in each
molecule including lipid and water were constrained by applying the linear constraint solver algorithm (LINCS)
[31]. The Lennard-Jones cutoff radius was set to 1.2 nm. The electrostatic interactions were calculated by particle-
mesh Evald (PME) [32] summation and the neighbor was updated by searching every 10 ps.

As it is illustrated in Fig.1 the 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) was selected for
simulation lipid bilayer [33-36]. A 128 POPC lipid bilayer with 64 lipids in each leaflet was placed in simulation box
and solvated by 2460 water molecules. For all systems, the simulation box dimensions were (6.2 6.5 6.7) nm?. This
system was simulated at 310, 320,330, and 340 K. All simulations were performed in liquid crystalline phase [37].
After ensuring that the simulation cell has achieved equilibration, by energy minimization, the temperature was kept
constant in the NVT ensemble for 10 ns, and then pressure and density were kept constant in NPT ensemble for 10
ns. The data collection was done in a NPT ensemble that its duration was 100 ns. This procedure and simulation
times were the same as used in similar works [15, 16, 38-41] The visual molecular dynamics (VMD 1.9.1) program
was used for molecular visualization [42].
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Fig. 1. Molecular structure of POPC lipid.
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3. Results and discussion

3.1. Ensuring the equilibrium
The root mean square displacements (RMSD) is a suitable parameter to evaluate the equilibrium in simulated
system. The RMSD of lipid molecules in each system is shown in Fig. 2. Systems have reached their equilibrium
state after 20 ns of simulation time when the fluctuations in RMSDs have reduced significantly. Therefore, the MD
trajectories extracted from the last 50 ns were used for further analysis [21].
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Fig. 2. RMSD plot of POPC at 310, 320, and 340 K versus simulation time.
3.2. Area per lipid

Packing of lipid molecules in a lipid bilayer could be described with area per lipid parameter. The average areas per
lipid and thickness of bilayer in our simulations obtained by using the GridMat tool [43] are represented in Table 1
which are fairly close to the obtained values in the X-ray diffraction experiment, 65.8 nm?, and 3.73 nm,
respectively [37, 44]. By increasing temperature from 310 to 340 K the thickness of bilayer decreased by 1.422 A.
The time evolution of the area per lipid for the systems in each temperature is shown in Fig. 3. The area per lipid
could be a suitable criterion for evaluating the equilibration and the stability of bilayer simulation. No significant
fluctuations are observers in Fig. 3 justifies the equilibration of the simulation systems. By increasing temperature
from 310K to 340 K the area per lipid has increased which is clearly shown in Fig. 4 and Fig. 5. It is necessary to
mention that the obtained results are valid within the range of performed simulation time which is 100 ns. This
simulation time is in accordance with previous studies [25-27, 39-41, 45, 46] and also RMSD and area per lipid (Fig.2
and Fig. 3) elucidated that these results obtained from equilibrated systems.
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Fig. 3. The time evolution of the area per POPC lipid for the simulated systems.

Table 1. The average area per POPC lipid (A), the average thickness (h) of the POPC bilayer and the lateral diffusion coefficient

of bilayer (Diipid) and water molecules (Dwater) at four temperatures.
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Temperature (K) A (nm?) h (nm) Diipid(10° cm?/s) Dwater(10° cm?/s)
310 0.6322 3.7975 0.004354 1.1211
320 0.6348 3.7859 0.008726 1.8188
330 0.6375 3.7676 0.017800 2.1010
340 0.6401 3.6553 0.028340 2.5683

Fig. 4. Top view of POPC lipid bilayer after simulation at (2)310 K, (b) 320 K, (c) 330 K and (d)340 K. Oxygen, nitrogen and
phosphorus atoms are shown in red, blue and yellow van der Waals spheres, respectively. Hydrophobic chains are shown with
cyan lines. The water molecules were ignored for clarification. Videos S1, S2, S3, S4 and S5 in Supplementary Information
shows simulation at 310, 320, 330 and 340 K respectively.

3.3. Order parameter

The ordering of hydrocarbon tails in bilayer is usually measured experimentally by the NMR spectroscopy, which
can be quantified using deuterium order parameter Scq. The deuterium order parameter S¢q in computer simulation is
defined as equation (1):

Sea = € (cos 8)* - 3) @
Where 0 is the angle between the carbon-deuterium (CD) bond and the bilayer normal (z-axis), and the angular
bracket denotes an ensemble average over time and all CD bonds. The effect of temperature on ordering the chain 1
(sn-1) and chain 2 (sn-2) of hydrophobic tail of POPC is presented in Fig. 6. By increasing temperature, the area per
lipid has increased and lipids have more space for movement so the order parameter has decreased that this result is
similar with previous theoretical studies [15, 16]. Also Seeling et al. [47, 48] derived an empirical equation from NMR
spectroscopy that reveals the order parameter is inversely related to temperature which could describe our results in
Fig. 6.
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(c)

(d)

Fig. 5. Side view of POPC lipid bilayer after simulation at (2)310 K, (b) 320 K, (c) 330 K and (d)340 K. Oxygen, nitrogen and
phosphorus atoms are shown in red, blue and yellow van der Waals spheres, respectively. Hydrophobic chains are shown with
cyan lines. The water molecules were ignored for clarification.
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Fig. 6. Deuterium order parameter (Sca) calculated for the (a) sn-1 and (b) sn-2 of the POPC lipid in the simulated systems.

3.4. Lateral diffusion coefficient

Mean square displacement (MSD) can be helpful in evaluating the lateral diffusion coefficient by using Einstein’s
equation (equation (2)):

D= Eﬂi% ([rlt + tp) — r(to)]?);,

@
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Where r(t,) and r{t +t,} are the position of the molecule at time to and t+to , respectively. The angle bracket
represents the mean square deviation at time to. MSDs of POPC lipids are depicted in Fig. 7, by increasing
temperature the slope of MSD plots and so the diffusion coefficient have increased. Increasing area per lipid by
increasing temperature facilitated transport of molecules across membrane and so the diffusion coefficient has
increased according to Table 1 which are in agreement to previous studies [49]. Leib et al. [50, 51] suggested
formation of pores enhances diffusion of molecules. Formation of pores at 330 and 340 K is obvious in Fig. 5.
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Fig. 7. MSD of POPC lipids in the simulated systems.
3.5. Mass density

As it is shown in Fig. 1 polar groups (head) of lipid orient towards intracellular and extracellular water and
hydrophobic tails place in a position away from water and then a lipid bilayer forms. The density of head groups, tail
groups, and water molecules are visualized in Fig. 8 (a), (b) and (c) respectively. The marked point in Fig. 8 (a)
demonstrates that by increasing temperature from 310 to 340 K the density of head groups have decreased from 902

to 873 % and also the marked point at the center of lipid in Fig. 8 (b) exhibits that by elevation temperature from

310 to 340 K the density of tail groups have declined from 506 to 470 % The density reduction by rising

temperature proves the formation of pores [50, 51], increase the area per lipid and decrease of the order parameter
and the thickness of bilayer which is discussed in previous sections.

3.6. Movement of head groups

Table 2 shows that by increasing temperature from 310 to 340 K, the electrostatic interaction and the number of
hydrogen bonds between head groups of lipid bilayer and water molecules have decreased. Also, the reduction of
solvent accessible surface area (SASA) is the evidence of movement of polar groups. The scheme of solvent
accessible surface area is shown in Fig. 9.
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Fig. 8. The density profile of (a) head groups and (b) tail groups of POPC lipid and (c) water versus simulation box length for
simulated systems.

By increasing temperature, the surface tension of lipid bilayer has declined (Table 2) which is in agreement with
previous studies [52, 53].

The radial distribution function was used to examine the displacement of head groups. The radial probability of
finding nitrogen atom from the center of mass (COM) of lipid bilayer is depicted in Fig. 10 (a). As it is illustrated in
Fig.10 (a) at 310 and 320 K the nitrogen atoms have the same positions at radius of 2.59 nm from the COM of lipid
bilayer. By increasing temperature to 330 and 340 the nitrogen atoms moved 1.10 and 3.30 A towards hydrophobic
tail, respectively. The radial probability of finding phosphorus atom from the COM of lipid bilayer is presented in
Fig. 10 (b). As it is illustrated in Fig.10 (b) position of phosphorus atom is fix in 310 and 320 K and in 330 and 340
K phosphate group moved 1.00 A towards hydrophobic part of lipid bilayer. This movement of poplar groups
confirms the decrease in thickness of bilayer in section 4.2.

Garcia et al. [20] used AFM to investigate the effect of temperature on lipid bilayer. They observed a jump in force
during gel to liquid crystalline phase transition that also was predictable by differential scanning calorimetry (DSC).
When they continued increasing temperature, they observed a jump again in fore while no phase transition has
occurred, they couldn’t explain this observation. In this study, the POPC bilayer was simulated in liquid crystalline
phase and our result elucidated this ambiguity in their experiment. By increasing temperature, the area per lipid has
increased and therefore order parameter decreased. The radial probability proved that by increasing temperature the
head groups moved and therefore the electrostatic interactions, the number of hydrogen bonds, and solvent
accessible surface area were decreased. In real in 330 and 340 K a fluid disordered phase was occurred by
displacement of choline and phosphate groups towards the interior of lipid bilayer.

4, Conclusion

In this study, the effect of temperature on lipid bilayer behavior and gene transfection efficiency were investigated
by using molecular dynamics simulation. Garcia et al.[24] investigated effect of temperature on lipid bilayer by
atomic force microscopy. They reported a jump in force at phase transition temperature that was predictable but this
jump also observed in liquid crystalline phase that was ambiguous. In our study, an accurate molecular dynamics
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simulation proved the formation of fluid disordered phase at 330 and 340 K by displacements of head groups that
affects the electrostatic and physicochemical properties of bilayer. By increasing temperature from 310 to 320 K the
area per lipid and diffusion coefficient of lipid bilayer increased while no significant disorder and movement
observed in head groups. At 330 and 340 K choline and phosphate groups have a significant backward movement
towards hydrophobic tail that formed a fluid disordered phase that is a kind of rupture [20]. As a result, the optimum
temperature is 320 K in which the diffusion coefficient has increased and also the lipid bilayer has an ordered

structure.

Table 2. The electrostatic interaction between head groups of lipid bilayer and water molecules (E), The solvent accessible
surface area of head groups (SASA), the surface tension of lipid bilayer (8) and number of hydrogen bonds between glycerol and

phosphate groups of POPC and water molecules at four temperatures.

Temperature (K) E(kJ/mol) SASA (nm?) 8(bar.nm) H-bond
Glycerol Phosphate
310 -46747.6 323.61 193 324 460
320 -46705.0 322.25 166 319 457
330 -45241.5 321.33 104 315 455
340 -44521.9 320.61 95 308 448

(c)

(d)

Fig. 9. Side view of solvent accessible surface area (SASA) of POPC lipid bilayer at (2)310 K, (b) 320 K, (c) 330 K and (d)340
K. head groups, hydrophobic chains and SASA are shown in yellow van der Waals spheres, cyan lines and blue surface,

respectively. The water molecules were ignored for clarification.
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Fig. 10. The radial probability of (a) nitrogen and (b) phosphorus atom referenced to COM of lipid bilayer
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