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Abstract

In this work, we describe a computational tool designed to determine the local dielectric constants (¢) of
charge-neutral heterogeneous systems by analyzing dipole moment fluctuations from molecular dynamics
(MD) trajectories. Unlike conventional methods, our tool can calculate dielectric constants for dynamically
evolving selections of molecules within a defined region of space, rather than for fixed sets of molecules.
We validated our approach by computing the dielectric constants of TIP3P water nanospheres, achieving
results consistent with literature values for bulk water. We then applied our tool to more complex systems,
the water slabs around solvated phospholipid bilayers, where we observed a lower dielectric constant of
water near the bilayer headgroups (¢ = 20-50) compared to nanospheres of bulk water (¢ = 58-62) with
the same number of molecules. Our tool also enabled us to compute the dielectric constants of water in
more heterogeneous systems, where water surrounding asymmetrically distributed phospholipids on
single-walled carbon nanotubes also exhibited lower dielectric constants than in bulk water nanospheres.
Addition of positively charged peptides that bind to phospholipid-nanotube conjugates further lowered the
dielectric constants of water in the immediate vicinity of these conjugates. Moreover, we estimated
dielectric constants for lipids in symmetric bilayers, where values are well-documented, and for asymmetric
phospholipid-wrapped nanotube systems, which were previously unexplored, and found that dielectric
constants of phospholipids depend on their arrangement in the assembled aggregate. The results align
with literature for bilayers and provide new insights for phospholipid-nanotube systems. The ability of our
tool to provide local dielectric constants for both well-studied and novel systems advances our
understanding of molecular environments and interactions.

1. Introduction

Interactions among polar and charged functional groups in molecules are crucial for a wide range of
biological and engineered molecular processes. These interactions play a key role in protein folding,
molecular binding, DNA packaging, and colloidal self-assembly, while also influencing the equilibrium
states of nanoscale systems.’=® Water, the most common solvent in biological and chemical systems, has
a high dielectric constant (labeled as ¢ or ¢,.) of 80, and its presence reduces the electrostatic interactions
between charged objects by a factor of 1/80 compared to the interactions in vacuum. When solutes are
added into water, the dielectric constant of the solution and electrostatic interactions can change. For
example, adding formamide to water increases the dielectric constant of the solution to approximately 100,
while adding sugars or alcohols to water decreases the dielectric constant to between 20 and 80,
depending on solute concentrations * However, these measured dielectric constants reflect the averaged
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behavior of the entire solution, including both solute and solvent, and do not account for variations at the
molecular scale, where local interactions can differ.

For systems with nanoscale heterogeneity, such as biological macromolecules or synthetic nanomaterials,
it can be important to understand the local dielectric environment. Experimental and theoretical studies
revealed significant deviations from bulk dielectric properties when polar liquids are confined or near
extended surfaces.>® Theories, such as those developed by Kirkwood®, offer a statistical mechanics-
based approach for calculating dielectric constants from molecular dynamics (MD) simulations of
heterogeneous systems. This approach typically involves averaging the vector sum of molecular dipole
moments over time within a defined region or calculating the static dielectric constant as the zero-frequency
component of the power spectrum, calculated from the dipole-dipole correlation function.’® Previous
theoretical work by Yang, et al.", building on this approach, introduced the concept of local dielectric
constants, which enables separating the contributions of individual components (e.g. solvent versus solute)
to the overall dielectric behavior of the system."" This work outlined a method to calculate (from MD
simulation trajectories) the dielectric constants of individual components by isolating their contributions to
the overall dielectric constant. The overall dielectric constant can be derived by combining self-terms,
which represent the dielectric response of each component in isolation, and cross-terms among
components. The cross-terms were shown to be much smaller than self-terms and can be neglected in
calculations.™

Several studies have examined the local dielectric constants and their effects in both biological systems
and synthetic nanomaterials. For example, in solvated DNA, electrostatic forces influence DNA structure
and interactions, where spatially varying dielectric responses influence the stability, conformation, and
function of nucleic acids.® In nanomaterials, the dielectric environment is often functionally important. For
single-walled carbon nanotubes (SWNTSs) in different solvents, changes in the dielectric constant of the
surrounding solvent can affect SWNT fluorescence. Previous studies have shown that increasing the
dielectric constant from 2 to 5 can reduce the SWNT fluorescence emission intensity by more than 50%.12
This sensitivity of SWNT fluorescence to the dielectric environment is relevant for polymer-wrapped
SWNTs solvated in aqueous solutions, which have been shown as excellent optical sensors for bioanalytes
of medical importance.'*2°

Previous work has demonstrated how to calculate the spatially varying dielectric properties from MD
simulations, particularly for biomolecules and their aqueous surroundings.'" Previous research used the
established theories to calculate bulk dielectric constants?'2* or local dielectric constants’®'2526,
However, we did not identify any published codes for performing these local dielectric constant calculations
in other heterogeneous nanoscale systems of interest. Here, building on the previously developed
methods'!, we developed a computational tool designed to calculate the dielectric constants of
subcomponents in charge-neutral inhomogeneous nanoscale systems, based on dipole moment
fluctuations from MD trajectories. We demonstrate the application of our tool in several systems, including
TIP3P water box, solvated phospholipid bilayers, and lipid-functionalized SWNT systems. Our tool,
designed specifically for charge-neutral species, allows determining the local dielectric constants in
complex nanoscale systems studied through MD simulations.

2. Methods

In this section, we describe the theoretical framework for calculating local dielectric constants from MD
simulations. We also outline the model systems used in the simulations and explain the workflow for
calculating the volumes and dielectric constants of the selected molecules within these systems. Figure 1
illustrates the workflow, using an example of selected molecules for clarity.
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Figure 1. Workflow for computing the dielectric constant for a set of selected molecules from MD simulations.
2.1. Theory Relating Dielectric Constant with Dipole Moment Fluctuations.

Here, we describe the theoretical background used to develop our codes to calculate the dielectric constant
of a group of particles examined in MD simulations. The dipole moment of the modelled system consisting

of N particles, M, can be described as:



M= YL q# Eq.1

where g; is the partial charge of the particle i as defined in the force field parameters, and 7; is the position
vector of the same particle. The fluctuations in the dipole moment of a system are directly related to its
dielectric constant, €. Assuming that this system is surrounded by an infinite dielectric medium with the
dielectric constant ez, the following relationship has been established":27-2°:

(e—1)(2egpt+l) _ <M?>-<M>?
(2egp+€)  3g,VkgT

= a, Eq. 2

where V is the volume of the system, T is the temperature of the system, and ¢, and kg are the electric
permittivity of vacuum and the Boltzmann constant, respectively. The right-hand side of the equation is
defined to be equal to a positive definite quantity named a. When evaluating the fluctuations in the dipole
moment (< M?2>-—<M >2), we focus solely on the contribution from the self-terms, neglecting the
contribution from the cross-terms due to the latter's negligible magnitude as shown in Figure S5.

Two different expressions for £ can be derived from Eq. 1, called ¢; and &,, namely?®
€1=1+a,if€RF—>OO Eq3
and

=@ _ g ifepe = &, Eq. 4

282
As established by Yang, et al.’’, Egs. 2 and 3 can be used to determine the dielectric constant of a group
of atoms which define a subsystem within a heterogeneous system, based on the fact that evaluation of

electrostatic interactions via the Ewald sum in MD simulations (section 2.3 below) sets & at oo.
2.2. Building Atomistic Models of Simulated Systems.

Here, we built and simulated several systems with increasing levels of heterogeneity, to serve as test cases
for calculating dielectric constants of subsystems within them. The systems include a water box, a water-
solvated phospholipid bilayer, and a phospholipid-wrapped single walled carbon nanotubes by themselves
and interacting with small peptides. The number of molecules and sizes of all the built systems are
summarized in Table S1.

2.2.1. Water Box. A 100x100x100 A3 water box consisting of 32054 TIP3P water molecules was
constructed using solvate plugin in VMD.*°

2.2.2. POPC Bilayer. A bilayer composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC)
molecules was built using CHARMM-GUI membrane builder’® with CHARMMS36 topology’. It was
prepared in a tetragonal box, containing a total of 160 POPC molecules (80 per leaflet) and 10720 TIP3P
water molecules that were distributed equally over the two leaflets.

2.2.3. POPC-SWNT Systems. A segment of a (6,5) single-walled carbon nanotube, 8 nm in length, was
built with the Carbon Nanostructure Builder plugin in VMD?°. The structure of a single POPC molecule was
extracted from a POPC membrane segment, built using the Membrane Builder plugin in VMD software
and the CHARMM36 topology. The systems with mass densities ratios of POPC to SWNT of 9:1 and 15:1
were constructed with POPC arranged cylindrically around the SWNT surface using the procedure
described in Ref.' All the POPC-SWNT systems were solvated using TIP3P water molecules. The 15:1
POPC-SWNT systems were also simulated when interacting with positively charged membrane-disrupting
peptides, colistin (net charge of +5), TAT peptide (net charge of +8) and crotamine-derived peptide (Cro)
(net charge of +5). These systems were prepared as described in Ref."” with each peptide placed within ~
5 A from the SWNT surface (near the thin POPC region). Number of molecules and sizes of the built
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systems are described in Tables S1 and S2. Structures of POPC-SWNT conjugates used in constructing
these systems were pre-equilibrated in 1 ys-long MD simulations, as described below. POPC-SWNT
systems interacting with the membrane-disrupting molecules were solvated in TIP3P water and neutralized
in charge by the addition of CI- ions, which neutralized the net positive charge created by the presence of
Col, TAT or Cro molecules.

2.3. Classical Atomistic Molecular Dynamics Simulations.

All the prepared systems were simulated using the open-source NAMD2.13 package®' and described with
CHARMM36 force field parameters®?-3*. Langevin dynamics equations in the isothermal-isobaric NPT
ensemble were used to describe the systems, with temperature and pressure set to 310 K and 1 bair,
respectively, and the Langevin coefficient, yiang, set to 1 ps™. The integration time step was set to 2 fs, and
Coulomb and van der Waals non-bonded interactions were evaluated every one and two time steps,
respectively, for all atoms within a 12 A cutoff distance. The long-range Coulomb interactions were
evaluated using the particle-mesh Ewald (PME) method with periodic boundary conditions applied.3®

One bilayer system was separately simulated using GROMACS 2022.5% and CHARMM36 parameters.
The Nose-Hoover thermostat®” and Parrinello-Rahman barostat®®3° were used to set temperature at 310
K and pressure at 1 bar, respectively. The integration time step was set to 2 fs. The LINCS*° algorithm was
utilized for maintaining bond length constraints, and the PME method was employed to compute the long-
range electrostatic interactions accurately.

During the pre-equilibration of bilayer systems, the pressure was controlled by maintaining a constant ratio
of the simulation box dimensions in the x-y plane while allowing fluctuations along all three axes. Following
pre-equilibration, the systems equilibrated in 50 ns production runs without restraints. In these production
runs, the pressure was regulated by keeping the simulation box dimensions constant in the x-y plane while
permitting fluctuations along the z-axis.

2.4. Method for Calculating Volumes Occupied by Molecules within Simulated Systems.

The calculations for determining the dielectric constant of selected molecules in the simulated systems
require knowledge of the volume these molecules occupy within the simulation box. In this work, the
volumes of selected water and lipid molecules need to be calculated.

The volume of selected water molecules in simulated systems was calculated using the established density
of TIP3P water at 298.15 K temperature (p = 1.002+ 0.001 g/mL)*', based on the equation:

NmoteculesX MWwater
Vwaters = Eq. 5

NgaXp ’

where Ny, oiecutes COrrespond to the number of water molecules in the selection, MW, ;. is the molecular
mass of one water molecule, and N, is Avogadro’s constant. The volumes obtained for various spherical
selections are summarized in Table S3. The volumes were calculated by averaging over last 20 % of
(fluctuations in dipole moment) frames of the trajectory.

The volume of lipid molecules (Viipias (bitayer)) in the bilayer system was calculated using the following
equation:

Vlipids (bilayer) = Vunit—cell - Vwaters: EQ- 6

where, Vit ceu IS the volume of the simulated unit cell and can be calculated as the product of the lengths
of the unit cell in x, y, and z directions. The volumes of local selections of lipids were approximated based
on the number of molecules as summarized in Table S4. The volumes were calculated by averaging over
last 20 % of frames of the trajectory.



For POPC-SWNT systems, the volume of lipid molecules was calculated as follows,
Vipias (popc—swnt) = Voox — Vwater — Vswnr, EQ. 7

where, Vg nr Was calculated as Vs nr = m X 72 X h, where r and h are the effective radius and the length
of the SWNT, respectively. The effective radius of the SWNT is estimated as r = r' + 1,41/, Where 1’ is the
radius of the SWNT and ryqw is the vdW radius of carbon atoms constituting the SWNT. The values used
in the calculations were ' = 0.38 nm, 1,4, =0.099 nm, and, h = 8.01 nm, respectively, obtained by
averaging in MD trajectories. The average volumes of various local selections of lipids in control 9:1 POPC-
SWNT system are reported in Table S85. The volumes of other POPC-SWNT systems were calculated
similarly. All the volume calculations described above were performed using python and tcl scripts.

2.5. Calculation of Dielectric Constants of Selections of Molecules within Simulated Systems.

The dielectric constant of a selection of molecules in our simulated systems was calculated using the
expression that combines Eqgs. 1 and 2, namely:

_ <M?(1)>-<M(1)>?
- 3e,kgVT

£ +1, Eq. 8

where the expression < M2 (1) > —< M(T) >2 corresponds to the time correlation function of the
fluctuations in the dipole moment M(7) of the selected atoms, averaged over the ensemble of particles in
the selection (i.e. all the atoms in the selection), and 7 is the time interval for which the dipole moment is
being calculated. For instance, at any time frame n in the trajectory, < M(r) > is an average over the time
interval T, where 7 = n and i represents a series of all the previous time frames:

<M(@) >= %" Eq.9

Fluctuations in the dipole moment M(T) were calculated using the tcl scripts and the calculations of the
dielectric constant € were performed using a bash script. The fluctuations in dipole moment were calculated
by averaging over last 20% of frames of the trajectory.

Our script calculates epsilon (dielectric constant, €) based on Eq. 8 using the fluctuations in the dipole
moment for a given selection of atoms in the input PSF and DCD files as shown in described in Figure 2.
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Figure 2. Steps for using our scripts to calculate the dielectric constants of the selected subsystem from MD
trajectories.

2.6 Steps in Using tc/ and python Scripts.

The steps for using our tcl and python scripts are summarized in Figure 2. Our fcl scripts (provided at
https://github.com/vukoviclab/LocalDielectricMD) can be used for any charge-neutral system for which the
input PSF and DCD MD trajectory files are available, which need to be specified in two scripts se-vs-
time.tcl and volume.tcl. Next, the selections of groups or molecules for which the dielectric constant is to
be calculated should be provided. As the scripts used to calculate the fluctuations in the dipole moment
and volumes are based on tcl language in VMD, the selection should match the names in the PSF file and
should be compatible with the atomselect command in VMD. The output of the tc/ scripts includes the
following CSV files: z-se-vs-time.csv and z-mol-vol.csv. Next, we give an example for calculation of
dielectric constants for water selections. A python script epsilon.py should be provided the paths to z-se-
vs-time.csv and z-mol-vol.csv files, in order to output the plot of the number of molecules in the selections
and the calculated dielectric constants for those selections. For calculating the volume of selections, we
provide a script that is based on the number of molecules to obtain the volume of selections as described
in Methods. Users can use custom scripts to obtain volumes of their selected molecules depending on the
type of system.

3. Results and Discussion

3.1. Application of Our Scripts to Calculate Local Dielectric Constants in Model System 1: Water
Nanospheres.

To demonstrate the capabilities of our scripts and compare its results to literature values, we applied it to
a model system of water nanospheres of varying radii, selected from a cubic box of water containing 32,054
TIP3P water molecules, as shown in Figure 3a. We first calculated the fluctuations in the dipole moment,
< M?(1) > —< M (1) >2, plotted in Figure 3b for whole water box system and a nanosphere with radius of
1 nm. For both cases, the fluctuations in the dipole moment converge over the time of 50 ns. After the
convergence was confirmed, the script was used to calculate the local dielectric constant ¢ for selected
water nanospheres with varying radii, from r = 0.2 to r = 8.5 nm, as shown in Figure 3c. The nanospheres
withr =1, 2 and 5 nm, containing 158, 1194, and 17889, water molecules, were found to have £ = 50.73,
57.38, and 80.10, respectively.
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Figure 3. Dielectric constants of water nanospheres. (a) A snapshot of the simulated water box containing 32,054
TIP3P water molecules. The water nanosphere selections with r = 1, 2, and 5 nm are shown in red, blue, and violet.
(b) Fluctuations in dipole moment for all the water molecules in the box. (inset) The fluctuations in the dipole moment
for the water molecules in the nanosphere with 1 nm radius. (c) Dielectric constant for water nanospheres as a
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https://github.com/vukoviclab/LocalDielectricMD

function of the number of molecules in the nanospheres. The dielectric constants of water nanosphere selections
with r =1 nm, 2 nm, and 5 nm are shown as red, blue, and violet points.

As the number of molecules in the selection increases further to include the whole cubic box, the dielectric
constant increases and eventually converges to a value of € = 92.65 + 1.30 The dielectric constant profiles
were shown to be reproducible (Figure S1). The obtained result is in reasonable agreement with the known
value of ¢ for liquid water (¢ = 80), the reported dielectric constant of the TIP3P water model (¢ =92 £ 5 at
298 K), and the value of ¢ = 89 obtained using Gromacs gmx dipole code. The convergence of the results
and the value obtained for the whole simulated box demonstrate the accuracy and effectiveness of our
code in calculating local dielectric constants in molecular systems.
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Figure 4. Dielectric constants of water slabs in lipid bilayer system. (a) Snapshot of solvated bilayer system
containing 160 POPC lipids and 10720 water molecules. The local selections of water molecules in slabs with variable
thickness are highlighted in pink, purple and violet colors. POPC lipids are shown in light green, and the water solvent
(other than the slab selections) is shown as a light blue surface. (b) Fluctuations in dipole moment for all the water
molecules in the simulation box shown. (inset) Fluctuations in the dipole moments for the water molecules in the slab
with thickness of d =0.5 nm. (c) Dielectric constant for water slabs of varying thickness, starting withd = 0.2 nmtor
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= 3.2 nm as a function of the number of molecules in the slab. The dielectric constants of water slab selections with
d=0.5nm, 1 nm, and 2 nm are shown as pink, purple, and violet points. The transparent gray curve shows dielectric
constant for the same number of molecules in water nanospheres.

3.2. Application of Our Scripts to Calculate Local Dielectric Constants in Lipid-Based Model
Systems: Water Slabs Surrounding a POPC Bilayer and Water Shells Around POPC-Wrapped
Nanotubes.

In MD simulations of heterogeneous systems, it can be critical to determine the local dielectric constant for
different phases composed of various molecules. One such system of importance, both biologically and
for bioengineering applications, is the lipid bilayer solvated in water, which serves as a simple model for
biological cell membranes. The dielectric constant of the solvent surrounding the lipids in a bilayer is
directly related to the solubility and permeability of lipid membranes,*? making it a key parameter for
understanding membrane behavior.

We examined the performance of our scripts on a model lipid bilayer solvated in water, shown in Figure
4a. We calculated the dielectric constants of thin water slabs surrounding the lipid bilayer headgroups,
accounting for the fact that the local environment is now better represented by a slab geometry rather than
the nanosphere geometry used in our previous example. The dielectric constant was calculated as a
function of the thickness of the water slabs (d), with representative cases of 0.5 nm, 1 nm, and 2 nm
highlighted in Figure 4a. First, we examined the dipole moment fluctuations of all water molecules in the
system, as well as those forming the thinnest slab (d = 0.5 nm). Figure 4b shows that dipole moment
fluctuations converged after 5 ns for both cases.

Next, we calculated the dielectric constants for water slabs of varying thickness (d = 0.2 nm to d = 3.2 nm),
as shown in Figure 4c. Thin slabs that are near the bilayer headgroup region have dielectric constants in
the range of 20 — 50, lower than that of water nanospheres containing a similar number of water molecules,
which had a dielectric constant of 58 - 62. This reduction in the dielectric constant could be due to the
presence of zwitterionic groups near the water molecules, which restrict water orientations and reduce
their fluctuations, or to water molecules occupying spaces near the lipids hydrophobic tails. For thicker
slabs (d > 2 nm), which include water molecules both near and further from the lipids, the dielectric constant
increases (e~62), but remains lower than that of bulk water. The results obtained for all the water in our
system are in agreement with reported dielectric constants for similar bilayer systems where ¢ varies
between 20 — 60, >6 demonstrating the applicability of our scripts for heterogeneous systems. It is
important to note that, unlike commonly used tools such as GROMACS' gmx dipole, which report dielectric
constants for entire systems, our code can calculate the dielectric constants of local regions (e.g., slabs).

Next, we examined a related POPC-based system, specifically POPC-coated SWNTSs. The local dielectric
constant has been identified as a key factor influencing the fluorescence emission by SWNTs.4748
Understanding how the local dielectric constant around SWNTs is affected by binding of analytes could
provide mechanistic understanding of optical detection of bioanalytes by SWNTs. Many SWNT-based
sensors are coated with polymers such as surfactants, lipids, single-stranded DNA and RNA, peptides,
and other molecules.**-%* This study calculates the local dielectric constants around POPC-coated SWNTSs,
which were shown to be useful for detecting membrane-perturbing molecules.'’:*

One of the examined POPC-SWNT systems is shown in Figure 5a. It consists of an 8 nm long SWNT
wrapped by POPC lipids, with 9:1 POPC:SWNT mass density ratio. Another system, not shown here but
examined in Ref."”” contains the same SWNT segment coated by POPC with 15:1 POPC:SWNT mass
density ratio. Due to the periodic boundary conditions in the simulations, this setup effectively represents
an infinitely long POPC-coated SWNT. To determine the dielectric constant of the water surrounding the
POPC and SWNT, we first selected water molecules within thin cylindrical shell-like volumes of varying
thickness around the POPC-SWNT conjugates (Figure 5a). The water molecules in the 1 nm-thick
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cylindrical shell represent the immediate local environment of the conjugate. The convergence of the
fluctuations in dipole moment for the water molecules in both systems was verified (for 9:1 and 15:1
POPC:SWNT mass density ratios, Figure S$2). Due to conformational changes in the system, where the
initial symmetric arrangement of POPC around the SWNT transitions to a more asymmetric configuration,
the fluctuations in dipole moment stabilize after approximately 200 to 500 ns. Next, we calculated the
dielectric constants for cylindrical water shells of varying thicknesses, ranging from 0.2 nm to 7 nm. The
dielectric constant profiles for both POPC-SWNT systems, shown in Figures 5b-c, display a similar trend
as observed for water molecules in the pure bilayer system: an initial rapid increase in dielectric constant,
followed by a slower rise.
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Figure 5. Dielectric constant of cylindrical or ellipsoidal shells of waterin POPC-SWNT systems. (a) Snapshots
of top and side views of 9:1 POPC-SWNT system. The local selections of water molecules in cylindrical shells with
variable thickness are highlighted in pink, purple and violet. POPC atoms are shown in light green (C), red (O), blue
(N) and orange (P), and water is shown as a light blue surface. (b) Dielectric constant for water cylindrical shells of
varying thickness, ranging from 0.2 nm to 7 nm for the 9:1 POPC-SWNT system. (c) Dielectric constant for water
ellipsoid shells of varying thickness, ranging from 0.2 nm to 7 nm for the 15:1 POPC-SWNT system. The transparent
gray curves in (b,c) depict the dielectric constant for the same number of molecules in water nanospheres, and the
transparent pink curves depict the dielectric constant of the same number of water molecules in water slabs around
the POPC bilayer.
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The performed calculations allow us to compare the effect of water environment on the dielectric constant.
For example, bulk-like water nanospheres of ~ 2,400 water molecules have dielectric constant of ~ 60,
whereas the slab and shell selections in bilayers and 9:1 POPC-SWNTs with the same number of water
molecules have dielectric constants of 37-38. These results indicate strong effects that POPC surroundings
have on fluctuations in dipole moments of water molecules and the local dielectric constants. The results
also show that the percentage of water molecules in direct contact with POPC is smaller in the 9:1
POPC:SWNT system compared to the 15:1 POPC:SWNT system (for the same selection criterion), due
to differences in cylindrical water shell geometry (in the 9:1 system) and the elliptical water shell geometry
(in the 15:1 system), with its high eccentricity (Table S6). The percentage of water molecules in direct
contact with the POPC lipids is 39% in the 9:1 POPC-SWNT system, compared to 43% in the 15:1 system.
This increase in water-lipid interactions due to the larger percentage of non-bulk-like water molecules may
explain the lower dielectric constant observed in the 15:1 POPC-SWNT system. Our scripts also allow us
to determine the effects that proximity to head groups versus the proximity to hydrophobic tails has on the
dielectric constants of local water (Table S7). Finally, as the cylindrical shells increase in thickness, their
dielectric constants increase towards values observed for more bulk-like water (~88 for the 9:1 POPC-
SWNT system and ~78 for the 15:1 system).
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Figure 6. Dielectric constant profiles for water in POPC-SWNT systems containing antimicrobial peptides. (a)
Snapshots of 15:1 POPC SWNT system containing one colistin molecule. Col molecule is shown in red as van der
Waals spheres (protruding from the corona). POPC atoms are shown in light green (C), red (O), blue (N), and orange
(P). Solvent is shown in light blue color as surface representation. SWNT is shown in pink color. (b) Epsilon for various
local selections starting with molecules within 0.2 nm of POPC molecules for 15:1 POPC-SWNT system containing
the added single peptides near the SWNT surface. The dielectric constant profile for water nanospheres and water
slabs around POPC bilayer are shown as transparent gray circles and transparent pink circles.

One interesting question is how the addition of compounds that disrupt the POPC corona on SWNT affects
the dielectric constants of the local water layers surrounding the SWNT and POPC. Previous studies have
shown that perturbation of the POPC corona by such compounds can be detected through changes in the
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fluorescence emission of SWNTs.':%® We investigated the local dielectric constants of water around
POPC-SWNTs for systems with 15:1 POPC mass density ratios, where the POPC coronas were disrupted
by three antimicrobial peptides: a TAT-derived peptide, colistin, and a crotamine-derived peptide. A
representative POPC-SWNT system with one Col disruptor is shown in Figure 6a, while the other systems
are discussed and analyzed in Ref. "7,

In all systems, convergence in dipole moment fluctuations of two representative water selections was
confirmed (Figure S3), however, this convergence occurred after between 200 and 700 ns due to large
changes in binding especially during the first few hundred nanoseconds, when the molecules diffuse from
the solvent towards POPC corona and bind there. In all cases, the water nearest the POPC-SWNT (in the
thinnest layers, containing fewer than 500 water molecules) exhibited a lower dielectric constant than pure
water. The presence of peptides additionally lowers the dielectric constant of water molecules in the
immediate surroundings of POPC (e.g. selections of ~2,700 water molecules) for all three peptides (Figure
6b), and mostly for TAT, the peptide with the highest net charge (+8).

3.3. Application of Our Code to Calculate Local Dielectric Constants of Lipid Selections in POPC
Bilayers and POPC-wrapped Nanotubes.

The dielectric constant of lipids within a biological membrane bilayer is crucial for determining membrane
permeability to ions, the membrane's response to externally applied potentials, and the interfacial
properties between the membrane and its surrounding solvent.%%5” Several studies have examined the
dielectric constant of bilayers composed of various lipid types.®®-%% Using our custom code, we calculated
the dielectric constants for a bilayer consisting of 160 POPC lipids, individual lipids within the bilayer, 80
headgroups (from one layer), and 80 tails (from one layer), as depicted in Figure 4a. The fluctuations in
the dipole moments for lipid components converged only after ~ 500 ns of simulation (Figure S4).
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Figure 7. Dielectric constant of lipids in a solvated bilayer system. Dielectric constants of all POPC molecules
in a bilayer (160), all the POPC headgroups, and all the POPC hydrophobic tails. The inset plot is the expanded
representation of the values obtained for the POPC hydrophobic tails. The dielectric constant was calculated for all
the lipids or headgroups or tails in the bilayer system over time, and white circles represent the range of dielectric
constant for the selections over time.

The calculated dielectric constants, shown in Figure 7, indicate that for all lipid molecules, dielectric
constant averages at ~11 for all the lipids in the system and fluctuates between 8 and 14 over the
converged time frames, as the lipid molecules undergo conformational changes. Additionally, the dielectric
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constant of the POPC hydrophobic tails from all lipids in the system averages around 1.02, while that of
the polar POPC headgroups from all lipids in the system is approximately 11. These results are consistent
with reported values in the literature, where dielectric constants typically range from 1 to 3 for the
hydrophobic region of lipid membranes and from 7 to 15 for the polar zwitterionic headgroup region®-8,

Furthermore, we compared the dielectric constants obtained with our code with those computed with the
gmx dipole function. The comparison, summarized in Table S8, shows discrepancies due to differences
in how volumes are defined. The gmx dipole function appears to base its calculations on the volume of the
entire simulation unit cell rather than the volume of the local selection (Table S8), whereas our code bases
the calculations on the volume of the local selection. As a result, the dielectric constant values from our
code are not directly comparable to those obtained using the gmx dipole function.
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Figure 8. Dielectric constant of lipids in control POPC-SWNT systems. (a) Snapshots of top and side views of
9:1 and 15:1 POPC SWNTs. (b) Snapshots of POPC lipids defined as forming the thin regions of the corona around
SWNTs (shown as van der Waals spheres, whereas the remaining the POPC molecules are shown as lines). (c)
Snapshots of POPC lipids defined as forming the thick regions of the corona around SWNTs (shown as in panel b).
(d) Dielectric constants of various local POPC selections around SWNT for 9:1 POPC-SWNT system. (e) Dielectric
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constants of various local POPC selections around SWNT for 9:1 POPC-SWNT system. The color scheme is the
same as in the above figures. The dielectric constant of lipids in pure bilayer systems is shown as a gray bar.

With the ability to compute dielectric constants for lipid selections, we applied our code to examine how
the dielectric constant of the POPC corona around SWNTs, where the POPC molecules are
asymmetrically distributed, differs from that of the POPC bilayer. Snapshots of the 9:1 and 15:1 POPC-
SWNT systems are shown in Figure 8a. The dielectric constant obtained for all lipids in the 15:1 POPC-
SWNT system is 11.79, which is higher than that of the 9:1 POPC-SWNT system, found to be 8.94 (Figure
8d,e). Given the asymmetry of the POPC corona, we further examined the dielectric constants in the thin
and thick regions of the corona (Figure 8b,c). The dielectric constants of the lipids in the thin regions of
both the 9:1 and 15:1 systems are lower than those in the thick regions. The lipids in the thick region,
especially in the 15:1 system, resemble the bilayer arrangement, exhibiting dielectric constants closer to
those of a pure bilayer and higher than those in the thin region. These results illustrate how the aggregate
shape can influence the dielectric constants of lipid assemblies.

Conclusion

In this work we implemented a previously established method and developed a computational tool to
determine the dielectric constant of subcomponents of charge-neutral heterogeneous systems, based on
dipole moment fluctuations measured in molecular dynamics trajectories. We first validated our
computational approach by evaluating the dielectric constant of TIP3P water nanospheres with varying
radii and confirmed agreement with literature values for large nanospheres (bulk water regime) °. Notably,
our code has the capability to calculate the dielectric constant of dynamically changing selections of
molecules within a specified region of space. For instance, in the case of a nanosphere with a 1 nm
diameter, specific water molecules can enter and leave the defined space. Unlike methods such as gmx
dipole, our code does not calculate the dielectric constant for a fixed set of molecules by index. Instead, it
computes the dielectric constant for water molecules occupying the defined space at any given time. Also,
our code assumes that volume of the sub-selections will be calculated by the user, rather than using the
volume of the whole unit cell for calculations.

Next, we applied our tool to more heterogeneous systems, calculating the dielectric constants for slabs of
water molecules of varying thicknesses around solvated bilayers. The water molecules located in thin slabs
of ~2,400 molecules nearest to the bilayer headgroup region exhibited dielectric constants of ~37-38, which
is lower than the value of ~60 found for nanospheres of bulk water with the same number of molecules.
This reduction in dielectric constant near the bilayer system was likely due to the presence of zwitterionic
groups surrounding the water molecules, which constrain their orientations and reduce their fluctuations.
(Table S7). In a 0.5 nm thick slab, 50% of the water molecules are directly interacting with the zwitterionic
headgroups, which have a dielectric constant of 30.7, whereas only 5% of the water molecules are in
contact with the hydrophobic tails, characterized by a dielectric constant of 23.8. In thicker water slabs
surrounding the lipids (3 nm wide), where more water molecules have bulk-like behavior, the dielectric
constant increases to 62. The dielectric constants calculated for water in the bilayer system are consistent
with reported values for similar systems in the literature*>=¢.

To examine how the dielectric constant of water is affected by increased degrees of heterogeneity in
related systems, we tested our code for water surrounding SWNTs covered by POPC coronas'”-%. Water
molecules in cylindrical shells of different thickness around the POPC lipids had significantly smaller
dielectric constants than bulk water nanospheres containing the same number of molecules. Addition of
positively charged peptide disruptors of POPC assemblies further lowered the dielectric constants of
waters in the immediate vicinity of POPC and SWNTs.
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Next, we evaluated the performance of our code in estimating the dielectric constants of more complex
molecules, specifically lipids, in both symmetric arrangements (bilayers) and asymmetric arrangements
(POPC-wrapped SWNTSs). Using our code, we found that the dielectric constants of lipid molecules in
bilayers are approximately 11, and the contributions from the hydrophobic tails of the lipid molecules
average around 1.02, while the contribution from the polar headgroups is approximately 11. These
calculated values correlate well with existing literature, which reports dielectric constants for the
hydrophobic region of lipid membranes typically ranging from 1 to 3 and for the polar zwitterionic headgroup
region from 7 to 15 68, |n systems where the orientation and arrangement of lipids in the corona structures
differ notably from those in a pure bilayer, we calculated dielectric constants of 9 for POPC lipids in the 9:1
POPC-SWNT system and 11.8 in the more bilayer-like 15:1 POPC-SWNT system, indicating that geometry
of the self-assembled aggregate also influences its dielectric constant.

In summary, our computational tool successfully estimates the dielectric constants of various
subcomponents within neutral, heterogeneous systems, as demonstrated in this study. The tool accurately
reproduces dielectric constant values observed in literature-reported systems (pure water, bilayers) and
can calculate dielectric constants in new systems and subsystems. Although it is currently designed for
neutral species and systems, our tool has the potential to be extended for use with charged systems.

Supporting Information. Reproducibility of dielectric constant profiles of water molecules in water box
(bulk water) in two independent runs; Fluctuations in dipole moment of water molecules in control POPC-
SWNT systems; Fluctuations in dipole moment of water molecules in POPC-SWNT systems bound to
antimicrobial disruptors; Fluctuations in dipole moment of various lipid selections; Summary of the
simulated POPC-SWNT and bilayer systems; Summary and composition of the POPC-SWNT systems
with single disruptor molecules binding to the thinnest part of the POPC corona; Volumes of waters for
different local spherical selections; Volumes of lipids for different local lipid selections in pure bilayer
system; Volumes of lipids for different local lipid selections in control 9:1 POPC-SWNT system; Percentage
of number of water molecules in direct contact of POPC in POPC bilayer, control 9:1 POPC-SWNT, control
15:1 POPC-SWNT systems; Comparison of number of water molecules near the headgroup and tails of
POPC in POPC bilayer, control 9:1 POPC-SWNT, control 15:1 POPC-SWNT systems; Comparison of
dielectric constants obtained using our code and GROMACS (gmx dipole)
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