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The cell membrane is responsible for the transportation of heat between inside and outside the cell. Whether
the thermal properties of the cell membrane are affected by the cholesterol concentration or the membrane
proteins has not been investigated so far. Although the experimental measurement of the membrane thermal
conductivity was not available until very recently, computational methods have been widely used for this purpose.
In this study, we carry out molecular dynamics simulations to investigate the relation between the concentration
of cholesterol and the thermal conductivity of a model membrane. Our results suggest an increase in the
membrane thermal conductivity upon increasing the concentration of cholesterol in the membrane. Moreover, we
find that the asymmetric distribution of cholesterol in the two membrane leaflets decreases thermal conductivity.
We also find a rectification effect when heat flows in opposite directions through a model membrane decorated
with the amyloid precursor protein. The results of this study apply to the advancement of selective treatment
methods, as well as the development of new materials such as biological rectifiers.
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I. INTRODUCTION

The cell membrane, as the outermost part of a cell, plays
an important role in controlling the exchange of material
and heat between inner and outer parts of a cell. Although
all membranes roughly consist of lipid molecules (including
phospholipids and cholesterol), proteins, and carbohydrates
[1], the concentration of each constituent is different in dif-
ferent types of cells. It is evident that the properties of the
membrane depend highly on the membrane composition [2].
For instance, the structural properties of the membrane, such
as its rigidity, depend on the concentration of cholesterol
which is normally between 10 and 45 molar percentage of
total lipids in the membrane [3]. In some types of cells, how-
ever, the distribution of cholesterol is different in the inner
and outer leaflets of the membrane. In red cells, for example,
the percentage of cholesterol in the outer leaflet is 51% and
in the inner leaflet is 49% [4]. In other types of cells, such
as colorectal cells, cholesterol constitutes about 2.77% of the
inner leaflet and 33.3% of the outer leaflet in healthy cells. In
other words, in the membrane of healthy colorectal cells, the
ratio of [CHL], to [CHL]; usually is 12, while it decreases
to 5.5 in the membrane of cancerous colorectal cells [3].
Proteins are the other important building blocks of the cell
membrane and do a variety of tasks. They are divided into
two main categories: integral membrane proteins (embedded
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in the membrane) and peripheral membrane proteins (located
on the membrane surface) [5—7]. Integral membrane proteins
interact with membrane via their transmembrane domain,
which mostly consists of hydrophobic amino acids. Amyloid
precursor protein (APP) is a well-known example of integral
membrane proteins [8,9]. More than half of the mutations in
APP associated with Alzheimer’s disease occur in the trans-
membrane domain of this protein [10].

Thermal conductivity is one of the important physical
properties of the cell membrane. Thermal conductivity mea-
surements of the membrane can be useful for engineering new
materials, such as nanoparticles, to be used in modern treat-
ment techniques. For instance, in a selective treatment method
called photothermal cancer therapy, metal nanoparticles inside
the tissue generate heat after being radiated by an external
source. The generated heat then transports to the nearby cells
through the cell membrane [11]. To tune the parameters (such
as the power) of the radiative source properly and to achieve
high efficiency, one should have an understanding of the ther-
mal conductance and resistance of the cell membranes.

The thermal conductivity of the cell membrane has been
measured in a very recent experiment [12] using an approach
called luminescence thermometry. In this method, upconvert-
ing nanoparticles covered by lipid bilayers are used as heat
sources while the environmental fluid acts as a heat sink. A
thermocouple, which is immersed in the fluid, measures the
temperature of the environment. The difference between the
temperatures of nanoparticles and fluid is used to calculate
the thermal conductivity of the intermediate lipid bilayer.

Although the experimental measurement of the membrane
thermal conductivity has not been reported until very recently,
several computational techniques have been developed and
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utilized to compute the thermal conductivity of lipid bilayers
so far. The nonequilibrium molecular dynamics (NEMD) al-
gorithm developed by Miiller-Plathe [13] has been employed
to obtain the local thermal conductivity coefficient of hetero-
geneous dipalmitoylphosphatidylcholine (DPPC) lipid bilayer
[14]. The results suggest that the value of thermal conduc-
tivity is a minimum in the region between two membrane
leaflets where the alkyl chains meet. A possible reason for
such a high thermal resistance could be the lack of a covalent
bond in the area between the two membrane leaflets [15].
An asymmetry in thermal conductivity is also reported in the
same paper. Other studies supported the idea of asymmetric
heat conductance through lipid membranes as well as a dis-
continuity in the thermal conductivity profile where lipid tails
touch [16,17]. Furthermore, different thermal conductivity co-
efficients in normal and lateral directions of a bilayer have
been reported [16]. A nonequilibrium molecular dynamics
approach has been used to study the thermal conductivity
and rectification of asymmetric archaeal membranes as well
[18]. Three types of archaeols with the same head group
but different tail structures (with and without cyclopentane
rings) have been investigated, and the area per lipid molecule
has been considered as a measure of the compactness of
lipid molecules. According to the results of the same study,
cyclopentane rings are responsible for the high level of molec-
ular packing and the increase in the thermal conductivity of
the membrane.

Several studies report the condensation effect, which is
a structural change in the membrane upon the addition of
cholesterol molecules [19,20]. Condensation means that the
area per lipid molecule decreases to less than the weighted
average of areas of pure components [20]. The reason is that
cholesterol interacts with lipids via hydrogen bonding and
can fill the voids between lipid molecules [21]. The higher
the percentage of cholesterol, the smaller the area per lipid
molecule. Furthermore, cholesterol affects the phase behav-
ior of phospholipid membranes in a concentration-dependent
manner [22]. In cholesterol concentrations less than 25%, the
membrane is always in one of the liquid-disordered or solid-
ordered phases, depending on the temperature. However, in
higher levels of cholesterol, the membrane can be found only
in one phase called the liquid-ordered phase. It is also evident
that the effect of cholesterol on the structural order of the
membrane depends on the temperature. Above the phase tran-
sition temperature at which lipids are in the liquid phase, the
addition of cholesterol to the membrane increases the struc-
tural order, while below this temperature lipids are in the gel
phase and the addition of cholesterol disrupts the order [22].

This study takes a computational approach to investigate
the thermal conductivity of the cell membranes with different
compositions: at different levels of cholesterol and in the pres-
ence of APP. The motivation behind this is, on the one hand,
the dependence of thermal conductivity on the structure, and
on the other hand, the relation between the level of cholesterol
in the membrane and the membrane structure [20,22].

To have an understanding of thermal transport in
membranes with the ratio [CHL],/[CHL];, # 1, we
extend our study to a model membrane with a ratio of
[CHL],/[CHL); = 12, such as the one for normal colorectal
cells. The idea behind this comes from a recent investigation

FIG. 1. Pre-equilibrated DPPC lipid membranes with different
cholesterol concentrations: (a) 0% cholesterol, (b) 5% cholesterol,
(c) 11% cholesterol, and (d) 50% cholesterol. Each membrane leaflet
consists of 36 lipids including DPPC and cholesterol molecules.
DPPC molecules are represented with lines in green and cholesterol
molecules are represented with ball-and-stick in blue and purple.

on thermal conductivity and rectification of asymmetric
archaeal membranes [18].

Results of a previous study suggest that a slight change
in temperature affects the interaction of the amyloid protein
with hydrophobic and hydrophilic surfaces [23]. Consider-
ing the sensitivity of this protein to the temperature, many
questions arise about the reaction of this protein to a tem-
perature gradient and how the local temperature profile (and
therefore thermal conductivity) can be affected by this pro-
tein. Here we study a model DPPC membrane containing the
trans-membrane part of APP. We also consider another DPPC
membrane with a horizontally laid APP on its surface. For
these models, we obtain the rectification factor, which is a
measure of the difference between the thermal conductivity
coefficients when heat flows in the opposite directions through
the membrane.

This paper is divided into the following sections. In Sec. II
we describe the method that we used to obtain the thermal
conductivity coefficient of membranes and discuss the tech-
nical details of our simulations. In Sec. III we report and
discuss our results. Finally, we conclude and summarize the
main points in Sec. I'V.

II. METHODS

To investigate the effect of cholesterol on the thermal con-
ductivity of the membrane, an atomistic model of DPPC lipid
bilayer is used (Fig. 1). Each of the inner and outer leaflets
contains 36 lipid molecules some of which are cholesterol
molecules corresponding to the given concentrations (0%,
5%, 11%, and 50%). It should be mentioned that the con-
centration of cholesterol in the inner and outer membrane

042401-2



THERMAL CONDUCTIVITY OF THE CELL MEMBRANE IN ...

PHYSICAL REVIEW E 102, 042401 (2020)

leaflets is the same in all of these models. Although the ther-
mal conductivity coefficient of the DPPC membrane without
cholesterol is reported in the previous computational studies
[14,24], we repeat it here not only to validate our model but
also to have a reference value for the evaluation of the thermal
conductivity of the membranes containing cholesterol.

As the initial step for all the simulations, the pre-
equilibrated structures of lipid bilayers are obtained from the
CHARMM-GUI membrane builder [25]. Output files pro-
duced by the CHARMM-GUI apply to a variety of molecular
dynamics simulation packages. Here we use the LAMMPS
molecular dynamics package [26] for all simulations. In-
teractions between lipid-lipid, lipid-protein, and lipid-water
molecules are treated using the CHARMM36 force field
[27,28], and the TIP3P [29] model is used to model water.
To find the thermal conductivity and rectification of the mem-
branes decorated with the amyloid precursor protein, initial
structures of the transmembrane part of the APP (PDB code
21lm [10]) and part of the APP that lies on the membrane sur-
face (PDB code 2Ip1[30]) are obtained from protein databank
[31,32] and used as the input to the OPM database [33], which
provides the orientation of proteins in the membrane. The ori-
ented structure of the protein is fed into the CHARMM-GUI
membrane builder to be packed with the specific types of lipid
molecules. Finally, the Moltemplate plug in is used to locate
the membrane in the right place in the simulation box and
to fill the box with the appropriate number of ions and water
molecules [34].

In this study, all the simulations are done in two parts.
In the first part, an equilibrium molecular dynamics simula-
tion is performed, while in the second part, a nonequilibrium
molecular dynamics approach is used to compute the thermal
conductivity coefficient.

A. Equilibrium molecular dynamics

Each system undergoes an energy minimization and equili-
bration process. To reduce the large forces due to the possible
overlaps between atoms, we run the energy minimization for
10 000 steps for each system. The conjugate gradient method
is used to minimize the initial structures. Moreover, to relax
the structures, all of the membranes undergo the equilibration
process at a high temperature (450 K) and pressure (170 bar)
using Langevin dynamics. The equilibration procedure starts
with a very small time step (0.01 fs) and is done only for a
few steps (1000 steps). We increase time step and the number
of steps gradually to reach the time step of 1 fs. (The equi-
libration is done for 1000 steps at 0.01 fs, followed by 1000
steps at 0.05 fs, followed by 1000 steps at 0.1 fs, followed by
2000 steps at 0.2 fs, followed by 5000 steps at 0.5 fs, followed
by 100 000 steps at 1.0 fs.) The equilibration process is then
continued by another 1 ns under NPT condition at tempera-
ture 330 K and pressure 1 bar to stabilize the area per lipid
molecule. The values of the area per lipid are then evaluated
with the previously reported values [19]. The systems are kept
at T = 330 K, which is above the phase transition temperature
of DPPC (314 K) [35], and the system pressure is adjusted to
1 bar using an isotropic Nose-Hoover barostat [36].

To build the appropriate simulation box for the implemen-
tation of the NEMD approach and to have a correct periodic

TABLE I. Dimensions of the simulation box and the number of
atoms in each box for different model membranes used in this study.

Ax Ay Az

System A A (A)  Number of atoms
0% cholesterol 48.0 46.0 184.2 42 804
5% cholesterol 474 450 186.3 41756
11% cholesterol 45.0 46.6 1884 41476
50% cholesterol 422 38.8 194.2 33762
Asymmetric cholesterol 444 444 180.0 36338
App on the membrane 544 542 187.0 57734
App across the membrane 46.6 46.6 170.6 39132

boundary condition along the z axis, the model membrane
and its mirror image are located parallel to each other in the
simulation box, which is filled with the appropriate number
of water molecules. Finally, to relax the water molecules and
to let the final simulation box find the correct volume and
density, we equilibrate the systems once more (only for a short
period on the order of some hundreds of picoseconds). The
same equilibration procedure as the one applied to the single
lipid bilayer is used to equilibrate the double lipid bilayer in
the box. Table I shows dimensions and the number of atoms
in the final simulation boxes for the model membranes used
in this study.

B. Thermal conductivity calculation
(nonequilibrium molecular dynamics)

There are two possible approaches to obtain the thermal
conductivity of a material. In the first approach, which is
called the direct method, one can create a temperature gra-
dient across the system and measure the rate of heat flow
throughout the system. The thermal conductivity coefficient is
then obtained by dividing the rate of heat flow to the tempera-
ture gradient. Because of some drawbacks, including highly
fluctuating heat flow and slow convergence of the system,
an alternative method is to continuously apply a nonphysical
heat flux to the system until a physical heat flux establishes
throughout the system. After some time, the physical and non-
physical heat flow rates are equalized and the system reaches
a so-called steady state. In this situation, a stable temperature
gradient establishes across the system. This method is called
reverse nonequilibrium molecular dynamics (RNEMD) [13].

To implement reverse nonequilibrium molecular dynamics
in our study, we use the Miiller-Plathe technique [13]. In
this method, the simulation box is divided into several layers
(Fig. 2). At each time step (or as many time steps as the user
wants), the velocity of the hottest particle in the first layer in
the box is exchanged with the velocity of the coldest particle
in the middle layer of the box. Therefore, the exchange rate is
a known, user-defined parameter. Since the total momentum
should be kept conserved, only the particles with the same
mass are allowed to exchange velocity. After a while, the first
and the middle layers of the box change into the coldest and
hottest layers, respectively. Consequently, a physical heat flow
is established from the hot region to the cold region in the
box. After the system reaches a steady state, the temperature
gradient can be measured and used to calculate the thermal
conductivity coefficient using Fourier law.
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FIG. 2. Physical and nonphysical heat flow across the model
membrane with 50% cholesterol concentration. The Miiller-Plathe
NEMD algorithm applies a nonphysical heat flow between two lay-
ers of the simulation box, specified with 7; (hottest layer) and T
(coldest layer), which results in a physical heat flow across the lipid
bilayers. Water layers with the highest and the lowest temperatures
are colored in light red and light blue, respectively. In the two lipid
bilayers, green lines and purple beads represent DPPC and choles-
terol molecules, respectively.

1. Implementation of Miiller-Plathe technique

We divide the simulation box into 100 layers. The thick-
ness of one layer in the box varies between 1.8 A to
1.9 A in our simulations, depending on the height of the box.
Further information about the box dimensions and the number
of atoms in each system is given in Table I. Particles from
the first and middle (51st) layers of the box are chosen for
velocity exchange. By convention here, we consider that heat
flows in the forward direction when the first layer of the box
(indicated by T3 in Fig. 2) has the lowest temperature, and the
layer in the middle (indicated by 77 in Fig. 2) has the highest
temperature. Therefore, the heat flows from the center toward
the two ends of the box. On the other hand, the backward
direction is considered when heat flows from the two ends of
the box toward the center. We exchange the velocities every
0.1 ps. With this exchange rate, we are always in the linear re-
sponse regime. Accordingly, thermal conductivity coefficient
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FIG. 3. Area per lipid molecule for DPPC membranes containing
different concentrations of cholesterol. The numbers on the hori-
zontal axis indicate the percentage of cholesterol in each leaflet of
membranes.

is calculated using Eq. (1):

J 142

K=—gr = (H

where ‘2—? is the rate of heat flow, dz is the distance between hot

and cold layers in the box, dT is the difference between tem-

peratures of hot and cold layers, and A is the cross-sectional

area. Since heat flows in two opposite directions, one-half of

the heat flow should be used for the calculation of the thermal
conductivity coefficient (k).

2. Estimation of thermal rectification factor

Thermal conductivity coefficients are obtained in forward
and backward directions and used to calculate the thermal
rectification factor using Eq. (2):

_lkp = k]
Kp

€ ; @
where k7 and «; are the thermal conductivity coefficients
when heat flows in the forward and backward directions,
respectively. We divide the total simulation time into the
blocks with 1 ns length and calculate the thermal conductivity
coefficient for each block. We applied the block averaging
method to obtain the final values of the thermal conductivity
coefficients.

III. RESULTS

A. Effects of cholesterol on the structure and thermal
conductivity of the DPPC membrane

To investigate the effect of cholesterol on the structure
of the DPPC membrane, the area per lipid molecule is ob-
tained after the equilibration phase. An increase in the level
of cholesterol in the membrane results in a reduction in the
area per lipid molecule (Fig. 3 and Table I). It is reported in
previous studies as well [20,37,38]. Furthermore, our findings
suggest that the membranes with more cholesterol molecules
have a higher thickness, which is in agreement with previous
reports [39,40].
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FIG. 4. Implementation of Miiller-Plathe algorithm results in the
formation of hot and cold regions in the box. This figure represents
the first 2 ns of the NEMD simulation and implies that the temper-
ature of the hot and cold slabs reaches a steady state in hundreds of
picoseconds after NEMD starts with an exchange rate of 0.1 ps. All
model membranes we use in this study have similar plots to this one.

Implementation of the Miiller-Plathe algorithm leads to the
creation of hot and cold slabs across the membrane. Temper-
atures of hot and cold slabs reach a steady state after some
hundreds of picoseconds (Fig. 4). In our study, we do all the
calculations on the data gathered after the first nanosecond of
the simulations. Due to the exchange of velocities, a specific
amount of kinetic energy is accumulated in each simula-
tion step. If the velocities are exchanged slowly enough, the
accumulated kinetic energy will be a linear (monotonically
increasing) function of time. Otherwise, the system will never
reach a steady state. The slope of this function gives the
rate of heat flow. The density and temperature profiles of the
system along the z axis (Fig. 5) suggest that in the hottest and
coldest layers of the box there are only water molecules. It
is worth mentioning that the two jumps in the temperature
profile (Fig. 5), one in the region between slab number 20 and
30, and the other in between slab number 70 and 80, match
exactly the two minimums in the membrane density profile

2.0 =400

Lipid density
— - Water density
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Temperature (K)

0.0 e = e e 280
0 10 20 30 40 50 60 70 80 920 100
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FIG. 5. Densities of water, lipid, and total particle density along
the z axis are represented on the left vertical axis. The temperature
of each layer when the system reaches the steady state is also repre-
sented on the right vertical axis. The overall density and temperature
profiles of all model membranes we use in this study are similar to
this one.

TABLE II. Result of the ¢ test for membranes with different
levels of cholesterol.

Systems  Mean diff. Std. err. diff. t df Sig. (2-tailed)
0%, 5% —0.016 0.002 —7.692 38.0 p<0.001
0%, 11%  —0.019 0.002 —10.958 420 p < 0.001
0%,50%  —0.032 0.002 —17.346 43.0 p <0.001
5%,11%  —0.003 0.002 —1.161 36.0 p=0.241
5%,50%  —0.015 0.002 —6.546 37.0 p<0.001
11%, 50% —0.013 0.002 —6.589 41.0 p<0.001

indicating the areas between the two membrane leaflets where
lipid tails touch [14]. Density profiles in Fig. 5 indicate the
density of particles before applying NEMD to the system.
After NEMD is applied to the system, there is a slight change
in the density of water with a lower density in the hot region
and a higher density in the cold region. However, there is no
change in the density of lipids.

We report the value of the thermal conductivity of the
DPPC membrane to be 0.57 +0.01 Wm~'K~! at AT =
74 K, which is in good agreement with the computationally
predicted value (0.51 £0.04 Wm™' K=" at AT =75 K) by
Yousefian et al. [24]. To the best of our knowledge, the
only experimentally measured value reported very recently is
0.20 £ 0.02 Wm~' K~! obtained for a membrane composed
of DOPA:DOPC:cholesterol (with the ratio of 64:7:29) at
AT = 20 K [12]. The difference in the reported values of the
membrane thermal conductivity is not only due to the different
membrane compositions but also because of the difference
in the applied temperature gradients across the membrane
[12,24]. For instance, in a previous computational study, the
thermal conductivity of 0.25 Wm~' K~! was reported for a
DPPC bilayer at AT = 12 K [15].

According to the results of the ¢ test (Table II), the presence
of cholesterol in the membrane, especially in high concen-
tration, increases the thermal conductivity of the lipid bilayer
(see Fig. 6). The reason can be partly explained by the in-
creased structural order in the membrane (in the liquid phase)
due to the addition of cholesterol that is in total agreement
with the previous reports [22]. These results suggest that the
increase in the thermal conductivity of each two membranes
(containing different levels of cholesterol) is statically signifi-
cant (significance level = 0.05), except for the two membranes
with cholesterol concentrations 5% and 11%.

B. Hydration of lipid head groups

Results of a previous experimental study [41] suggest that
cholesterol affects membrane-water interaction by increasing
the water penetration to the hydrophilic part of the membrane.
Since the important role of the membrane-water interface
in determining thermal conductivity of membrane has been
emphasized in the literature, we investigate the hydration of
lipid head groups in two of our model membranes: in the
cholesterol-free membrane and in the membrane containing
50% cholesterol. We obtain the radial distribution function
of water oxygen around the nitrogen atom of DPPC head
groups (Fig. 7). According to the results, we conclude that
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FIG. 6. Thermal conductivity coefficients of lipid membranes
with different concentrations of cholesterol. Simulations are divided
into several 1 ns time blocks, and the thermal conductivity coefficient
is obtained in each block. The mean value (£ standard deviation)
written on top of each bar is obtained using the block averaging
method. Error bars show the value of standard deviation divided by
the square root of the number of blocks.

the hydration increased upon the inclusion of 50% cholesterol
to the membrane.

C. Thermal conductivity and rectification of a DPPC membrane
with different concentrations of cholesterol in the upper and
lower leaflets

The asymmetric concentration of cholesterol in the mem-
brane leaflets has been discussed in many studies [42,43]. To
achieve more realistic results, this asymmetry should be taken
into account in membrane models. In this study, we use a
pre-equilibrated membrane with asymmetric cholesterol con-
centration in the two leaflets. Our model membrane contains
33.3% cholesterol in the outer leaflet and 2.7% cholesterol

g(r)

0.0 0.2 0.4 0.6 0.8 1.0 1.2

FIG. 7. Radial distribution function (RDF) of water oxygens
around the nitrogen atom of DPPC head groups for two membranes:
the cholesterol-free membrane (dashed blue curve) and the mem-
brane containing 50% cholesterol (solid red line). A comparison
between the peak values of the two RDFs reveals that the lipid
head groups get more hydrated as a result of the incorporation of
cholesterol into the membrane.
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FIG. 8. Thermal conductivity coefficients for a DPPC membrane
whose upper and lower leaflets contain different numbers of choles-
terol molecules. Thermal conductivity values are obtained for this
model in the forward and backward directions.

in the inner leaflet. We study the thermal conductivity of
this model membrane in a forward and backward direction
(Fig. 8).

The thermal conductivity coefficients obtained in both di-
rections for this asymmetric model membrane are less than
the values obtained for our aforementioned symmetric mod-
els. The asymmetry in the structure of the membrane leaflets
might be the reason for the reduction in the thermal conductiv-
ity of the membrane. As a similar case, we refer to a previous
computational study in which the thermal conductivity of
the DPPC membranes was obtained at different temperature
gradients. In the same study, the lowest value of thermal
conductivity was reported for a membrane whose leaflets were
in two different temperatures, one below the phase transition
temperature and the other above it [24]. One of the membrane
leaflets in the gel phase and the other in the liquid crystalline
phase reveal a form of asymmetry between the two membrane
leaflets. Our asymmetric membrane has a rectification factor
of 0.008, which is much lower than the previously reported
values for archaeal membranes [18].

Besides normal asymmetry in the cholesterol content of
the two membrane leaflets, a very recent study suggests that
external thermal gradients can create asymmetric cholesterol
distribution between the two membrane leaflets [44]. The
results of the same study indicate that the flip-flop rate of
cholesterol, which is a rather small and less polar molecule
in comparison with other lipid molecules, is in the order
of microseconds or milliseconds. Elsewhere, the cholesterol
flip-flop rate is reported to be between 80 ns and 250 ns [43].
However, the timescale of our simulations was much lower
(around 20 ns) than the reported values. Therefore, there is
almost no chance to observe a cholesterol flip-flop in our
simulations.

D. Thermal conductivity and rectification of DPPC membrane
containing amyloid precursor protein

To investigate the thermal conductivity of the membrane in
the presence of APP, we consider two separate cases (Fig. 9).
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(b)

FIG. 9. Two membrane-protein systems. In system a, the trans-
membrane domain of APP is packed with DPPC molecules. In
system b, part of the APP laid down on the lipid membrane. Lipids,
protein, and water molecules are colored in green, purple, and cyan,
respectively.

In the first model [Fig. 9(a)], the transmembrane domain
of APP inserted into the membrane, and in the second one
[Fig. 9(b)], part of APP laid on the membrane. For both cases,
we study thermal conductivity in the forward and backward
directions. Our results suggest that in both cases, the thermal
conductivity coefficients in the forward direction are different
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FIG. 10. Thermal conductivity coefficients of the membranes
with amyloid precursor protein in the forward and backward di-
rections. The two leftmost columns show the value of thermal
conductivity for system a in Fig. 9 and the two rightmost columns
show the value of thermal conductivity for system b in Fig. 9.

TABLE III. Thermal conductivity coefficients (k) and rectifica-
tion factors (¢) are reported at specified temperature differences for
the two illustrated models in Fig. 9. In the third and fourth columns,
the standard deviations (SD) are specified inside the parentheses.

System  Direction AT (SD)K « (SD)Wm™!K™! &

a Forward 76.0 (1.5) 0.534 (0.005) 0.043
Backward 74.9 (1.2) 0.512 (0.005)

b Forward  62.0(L.1) 0.549 (0.005) 0.033
Backward 62.5(0.9) 0.568 (0.005)

from the ones obtained in the backward direction (Fig. 10).
Table III represents the values of thermal conductivity coeffi-
cients and the rectification factors for both cases.

We applied a ¢ test to the values of thermal conductivity
coefficients in the forward and backward directions for the
two membrane-protein systems. According to the results of
this test (see Table IV), the values of the thermal conductivity
coefficients have a significant difference when measured in the
forward direction than the backward direction. The rectifica-
tion factors we obtain for the two membrane-protein systems
are comparable with the previously reported rectification fac-
tors for other types of cell membranes (between 0.028 and
0.091) [18].

IV. CONCLUSION

In this study, we applied a reverse nonequilibrium molec-
ular dynamics approach to obtain the thermal conductivity
of atomistic models of DPPC membrane with different com-
positions. We obtained the thermal conductivity of DPPC
membrane at four different cholesterol levels. Our study finds
a positive correlation between the concentration of cholesterol
in the membrane and the membrane thermal conductivity. We
relate the increase in the membrane thermal conductivity to
the increased structural order in the membrane upon the addi-
tion of cholesterol. It is stated elsewhere that the hydrophobic
effect of cholesterol is responsible for packing the hydrocar-
bon chains of lipids (hydrophobic part of lipid molecules) and,
therefore, increasing the order in the membrane [45]. The re-
sults obtained from our model membrane with an asymmetric
distribution of cholesterol in the two membrane leaflets further
support this idea. The lower value of thermal conductivity of
the asymmetric membrane in comparison with the symmet-
ric membranes indicates the close relationship between the
structural order in the membrane and the membrane thermal
conductivity.

Furthermore, our simulations suggest that the inclusion
of cholesterol to the membrane enhances the hydration
of phospholipid head groups. The increased density of

TABLE IV. Result of the ¢ test for thermal conductivity coeffi-
cients in the forward (F) and backward (B) directions for the two
membrane-protein systems illustrated in Fig. 9.

Name Mean diff. Std. err diff. t df Sig. (2-tailed)
System a (E, B)  0.022 0.002 11.299 28.0 p < 0.05
System b (F, B) —0.019 0.001 —13.85642.0 p <0.05
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water molecules at the lipid-water interface enhances the
membrane-water interactions which can partly compensate
the sharp drop in the local thermal conductivity profile at the
lipid-water interface reported in a previous study [14].

It is also evident that cholesterol increases the van der
Waals interactions between the hydrocarbon chains of lipids.
The increased van der Waals interaction could be responsible
for the increased thermal conductivity in the lipid membrane.
This is analogous to the increased thermal conductivity of
simple fluids at a high density, which is mainly due to the
repulsive intermolecular forces [46,47].

For the membranes decorated with APP, we observe a
significant difference between the thermal conductivity coeffi-
cients in the forward and backward directions. Consequently,
there is a rectification effect when heat flows in opposite di-
rections through the membrane-protein system. Many believe
that the rectification depends on the temperature difference
across the membrane [18]. However, the rectification factors
we obtain for the membrane-protein models are more compa-

rable with the previously obtained values (between 0.028 and
0.091) for asymmetric archaeal membranes at A7 =20 K
[18] than the ones obtained (between 0.1 and 3.5) for carbon
nanotubes at AT = 100 K [48,49]. We conclude that thermal
rectification is more affected by the structure than the temper-
ature gradient, but further studies are required to prove it.

The results of this study shed light on the selective treat-
ment methods, such as photothermal cancer therapy [50].
According to what we report for the specific case of colorectal
cells here, normal cells with a large ratio of [CHL],/[CHL];
and a high thermal resistance, can survive during the treatment
process.
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Correction: The penultimate sentence of the second paragraph
in Sec. IIT A contained an error in wording and has been
fixed.

Second Correction: The previously published Figures 6, 8,
and 10 contained an incorrect unit for thermal conductivity
and have been replaced. The unit has also been fixed in the
penultimate paragraph of Sec. IIT A and in Table III.
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