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ABSTRACT

In the present research, the sodium ion transport across the endothelial glycocalyx layer (EGL) under an imposed electric field is investigated,
for the first time, using a series of molecular dynamics simulations. The electric field is perpendicularly imposed on the EGL with varying
strengths. The sodium ion molarity difference between the inner and outer layers of EGL, Ac, is used to quantify the sodium transport in
the presence of the negatively charged glycocalyx sugar chains. Results suggest that a weak electric field increases Ac, regardless of whether
the electric field is imposed perpendicularly inward or outward. By contrast, a strong electric field drives sodium ions to travel in the same
orientation as the electric field. Scrutiny of the charge distribution of the glycocalyx sugar chains suggests that the electric field modifies
the spatial layouts of glycocalyx atoms as it drives the transport of sodium ions. The modification in glycocalyx layouts further changes the
inter-molecular interactions between glycocalyx sugar chains and sodium ions, thereby limiting the electric field control of ion transport. The
sodium ions, in turn, alter the apparent bending stiffness of glycocalyx. Moreover, the negative charges of the glycocalyx sugar chains play
an important role in maintaining structural stability of endothelial glycocalyx. Based on the findings, a hypothesis is proposed regarding the
existence of a strength threshold of the electric field in controlling charged particles in the endothelium, which offers an alternative explanation
for contrasting results in previous experimental observations.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0014177

I. INTRODUCTION

Exactly two decades after the first molecular dynamics (MD)
study of simple gases was published in the late 1950s," the MD
method was extended to biological macromolecules for the first
time.” In the pioneering MD work of biomolecules, a bovine
pancreatic trypsin inhibitor with 58 amino acid residues in vac-
uum was simulated for 9.2 ps. With the general availability of
computer programs and rapidly increasing computing power, the
number of studies using MD to investigate properties and behavior

of biosystems has soared. Today, MD simulations can cope with a
wide spectrum of biomolecules/atoms, including proteins,” lipids,’
nucleic acid,” and carbohydrates.(‘ In the meantime, the simulation
size has reached the order of millions of atoms,”” and the simu-
lation time has been extended to microseconds.” MD simulations
offer insights into atomic and molecular behaviors of biomolecules
and biosystems that are not always accessible by experimental stud-
ies. Moreover, MD simulations of bio-phenomena can be conducted
under a non-intrusive in vivo environment,'’ without removing the
object of interest from the biosystems.
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The accessibility to high performance computers and break-
throughs in crystallographic structure determination have empow-
ered MD simulations to tackle increasingly complex and dynamic
bio-structures, such as endothelial glycocalyx (EG). The endothe-
lial glycocalyx layer (EGL) is a thin layer covering blood vessels and
plays an important role in maintaining vascular health. Dysfunc-
tion of the EGL can disrupt vascular homeostasis and cause renal
and cardiovascular diseases.'’ A typical endothelial glycocalyx (EG)
element comprises proteoglycans with associated glycosaminogly-
can (GAG) sugar chains (SCs). The sulfated GAGs are negatively
charged, enabling the EG to serve as a microvascular barrier via
electrostatic interaction with blood components.\2 Yet, the SCs are
highly fragile and dynamic structures, which could cause instability
of the endothelial cells when they are studied in vitro."" To mit-
igate potential biased conclusions from wet-lab experiments due
to the EG instability, MD studies have been undertaken®'* " to
investigate the contributions of EG components to its functionality.
Indeed, the challenges of using MD to study the EG functionality
are manifold: first, a suitable molecular model of EG under phys-
iological conditions is required; second, to cover the sheer size of
the EG (with a height of 50 nm-500 nm), the simulation box has
to be 10-100 times larger than the typical computational domain
(usually smaller than 10 nm) in biomolecule-related MD simula-
tions; third, to fully exploit the unprecedented details contained in
the big dataset produced by large-scale MD simulations, efficient
and even intelligent post-processing techniques are desired. In the
recently published MD studies of EG,”'*""” an all-atom molecular
model of the EG/flow system was constructed, which contains about
6 x 10° atoms including proteins, lipid membrane, SCs (carbohy-
drates), ions, and water. Results from these MD studies provided
improved understanding of the roles of EG in controlling microvas-
cular mass transport'”'” and mechanotransduction.'” Among other
findings, the role of charges in maintaining protein-lipid interac-
tions was revealed by altering charge distributions of proteins.'’
The effects of external electric fields in a variety of applications
including biosystems have been investigated using MD and reviewed
recently.”’

Electric fields with physiological strengths play a pivotal role in
wound healing and tissue regeneration (as reviewed in Ref. 20). Both
the endogenous and exogenous electric fields have great significance
in physiology and disease treatment. I vivo, endogenous direct cur-
rent (DC) electric fields occur in the form of epithelial transcellular
or neuronal field potentials.”' In vitro, cells move directionally as a
response to exogenous electric fields. The directional movement of
organs, tissues, or cells guided by an electric field or current is termed
galvanotaxis or electrotaxis.”” The galvanotaxis feature of cells or
organisms lends the possibility to use the electric field as a treat-
ment for patients. For example, an applied electric field can stimulate
and direct regeneration of most myelinated axons in the damaged
spinal cord and, thus, can be used in treating patients with spinal
cord injuries.” The effects of an electric field on the bending of the
negatively charged EG were also experimentally studied.”* It is noted
that most galvanotaxis studies are performed by experiments due to
the complicity of biomolecules.

In the light of these facts, we would like to post three ques-
tions: Can an electric field be used to control mass transport (e.g.,
sodium ion transport) across the EGL and potentially treat condi-
tions induced by the loss of EGL microvascular permeability? Can
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MD simulations serve as an alternative to in vivo experiments to test
such a hypothesis? If so, what new insights will MD simulations pro-
vide that are not easily accessible by experiments? To answer these
questions, Na* transport across the EGL under varying electric field
conditions is investigated, for the first time, by a series of sophis-
ticated MD simulations. Cases with varying electric field strengths
and orientations are performed to reproduce Na* behavior in the
presence of the negatively charged glycocalyx. In Sec. II, the molec-
ular model of endothelial glycocalyx is described; and details of the
MD methodology and simulation cases are provided. In Sec. I1], the
effects of the electric field on Na* transport are studied first, fol-
lowed by the influence of the electric field on charge distribution
and physical properties of EG. In Sec. IV, the results are discussed in
the context of electric field-EG relationship and galvanotaxis. Strate-
gies of using an electric field to control EG mass transport are also
discussed. A summary of this research is given, and future work is
suggested in Sec. V.

Il. METHODS

A. Molecular model of endothelial glycocalyx

The focus of this research is a small patch of the endothelial
cell membrane, as illustrated in Fig. 1. The whole domain is split by
the membrane into two compartments: the lumen where the blood
flow passes by, and the cytoplasm, which is the inner part of the
endothelial cells. The SCs of the EG, anchored to the core proteins
(proteoglycans), are exposed to the blood flow in the lumen. An
array of core proteins is embedded into the membrane. The space
between any two adjacent individual proteins is about 200 A, which
is in accordance with experimental observations.”

A POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine)
lipid bilayer is used to mimic the membrane. Syndecan-4 protein
and heparan sulfate (HS) chains are adopted in the construction of
a simplified glycocalyx element as syn-4 is ubiquitously expressed
and mediates numerous critical cellular processes such as mechan-
otransduction,”® and HS chains account for the majority of the GAG

sugar chain

membrane

protein

FIG. 1. Initial configuration of the system. Water molecules are not shown for
clarity. The electric field is imposed in the z direction.
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chains.”” One hundred sugar residues (with four sugar residues as a
linker to syndecan-4) are used to build one EG sugar chain, among
which four residues are covalently attached to the syndecan-4 pro-
tein, and the remaining 48 disaccharide units form the main body
of an EG sugar chain. The detailed sequence of the sugar residues is
introduced in a previous study.” The total charge of an HS chain in
this research is —89 e (e is the unit charge), with —88 e from the main
body, and —e from the linker residues.” The detailed charge distri-
bution is provided in the supplementary material. A simulation unit
contains three syndecan-4 proteins and 18 HS chains.

The entire system is solvated in a NaCl aqueous solution with
a concentration of 0.1M. Together with Na* added to neutralize the
negatively charged EG sugar chains, the total Na*" molarity is about
0.15 M, and the CI” molarity is 0.1 M. The values of Na* and CI”
ions are both in a physiological range.”* In accordance with previous
studies, the simulation unit is set to a hexagonal prism*>”’ with an
area of 820 nm? and height of 72 nm. The flow/EG system comprises
5800 000 atoms in total. For clarity, water molecules are not shown
in Fig. 1.

B. Case setups

To investigate the mechanism whereby the electric field affects
sodium transport, a series of cases are designed, as listed in Table I.
Previous studies”’' suggest that an electric field of ~100 V/m is
of physiological relevance that could cause response from cells or
biomolecules. Case I is a non-electric-field case for comparison, rep-
resenting a normal glycocalyx situation without being treated by
a field. In cases II to IV, an electric field of 100 V/m is individu-
ally applied in the orientation perpendicular to the lipid membrane.
Cases II and III are designed to show the effects of electric field
orientation on Na' transport with two opposing electric field ori-
entations (i.e., reversing polarity). In case IV, the negative charges of
the endothelial glycocalyx SCs are artificially switched off. Compari-
son between cases III and IV will reveal the role of the SC charges in
EGL microvascular physiology. Cases with an electric field of weaker
(10 V/m, cases V and VI) and stronger (200 V/m, cases VII and VIII)
strengths are also included.

C. MD simulation details

The TIP3P water model’” is adopted to simulate water
molecules. To mimic flow, external forces are imposed on oxygen
atoms of water molecules, and the flow simulation lasts for a physical

TABLE 1. Case setups in this research.

Cases Electric field (V/m) EG sugar chain charges
I 0 Intact

1I +z, 100 Intact

111 —z, 100 Intact

v —2z, 100 Off

\% +z, 10 Intact

VI —z, 10 Intact

VII +z, 200 Intact

VIII —z,200 Intact
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time of 30 ns.’ Afterward, the electric field or the modification of
EG sugar chain charges is implemented as per Table I for a physical
time of 4 ns. In the 4-ns simulations, external forces are no longer
imposed on water oxygens, and the flow is maintained by the iner-
tia. As the interest of this study is the effects of an electric field on
sodium transport, the last frame of the 30-ns flow simulation is set as
the time origin (i.e., t = 0). The interactions among the biomolecules
are calculated by a CHARMM biomolecular force field.”” The tem-
perature is maintained at 310 K with a Lowe-Andersen thermostat.
The velocity Verlet integration method™ is used to advance the posi-
tions and velocities of the atoms in time. A 2-fs time step and the
particle mesh Ewald" electrostatics with a grid density of 1/A* are
used. The SETTLE algorithm™® was used to enable the rigid bonds
connected to all hydrogen atoms. The van der Waals interactions
were calculated using a cutoff of 12 A with a switching function start-
ing at 10 A.” The open source platform NAMD 2.9" was used to
conduct the MD simulations.

The visualization of the molecular structures was performed
by the VMD® package. All parallel simulations and non-visualized
post-processing were conducted on ARCHER, UK’s national super-
computing service.

D. Post-processing

To investigate the spatial distribution of charges, a domain
originating from the upper membrane surface (origin in Fig. 1) with
a height of 50 nm is the region of interest for post-processing. This
domain is sliced into 25 equal bins, and the quantities are averaged
within each bin. Data are sampled every 0.02 ns.

lll. RESULTS
A. Effect of electric field on Na* transport

To measure sodium ion transport across the EGL, a molarity
difference of Na* ions between the two thin layers below and above
the glycocalyx sugar chain rich regions is defined as follows:

Ny My

1)

Ac=c,—¢C = .
Va,water

Vb,water
In Eq. (1), c is the Na* molarity, # is the number of Na® ions, and
V represents the volume of water. The subscripts b and a represent
the thin layers below and above the SC-rich region, respectively, and
the heights of both thin layers are 4 nm. Our previous studies ™'’
have demonstrated that ¢, is greater than c,, so Ac is greater than 0.
Figure 2 shows the comparisons of average molarity differences over
time among the cases listed in Table 1.

In Fig. 2(a), when the +z-direction electric field strength
increases, two opposite trends of Ac changes have been identified:
when a strong electric field of 200 V/m is imposed, the molarity dif-
ference, Ac, is attenuated as more Na® ions are transported from
the bottom region to the top region under the electrostatic force
from the electric field; however, when a weak (10 V/m) or moder-
ate (100 V/m) electric field is imposed, increases in Ac are observed.
When an electric field is applied, the negatively charged SCs move in
an opposite direction against Na* ions. The changes in the relative
positions directly result in the inter-molecular interaction changes
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FIG. 2. Comparisons of average molarity difference of Na* among cases with varying electric field strengths and orientations. (a) Comparisons among cases with no electric
field and those with an electric field imposed on the +z direction. (b) Comparisons among cases with no electric field and those with an electric field imposed on the —z
direction. —100m is the case (case IV) where the negative charges of SCs are artificially switched off. T-tests are used to check the statistical significance between cases

with and without an electric field. * represents p < 0.05.
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between SCs and ions. When a weak electric field is imposed on the
system, the inter-molecular interactions from the negatively charged
SCs on Na* ions overcome the electric field and alter the movement
of Na" ions from outward to inward, thereby leading to the increase
in Ac. The negative charges of EGL, therefore, result in the existence
of an optimal electric field strength for using an electric field to con-
trol the Na* transport over the EGL. The optimal strength can be
interpreted by regarding water and glycocalyx as continuum. For
Na" ions, the electrostatic force from the electric field (Fg = gE, and
q is the total charges of Na" ions) is a driving force, and the electro-
static forces from SCs (Fsc) and Cl™ ions (F¢) are drag forces. When
the electric field is just applied, Fsc and Fcj are greater than Fr due
to the compact spatial distribution of the ions. Under the driving
forces from the electric field, Na* ions gradually move away from the
negatively charged particles, and Fsc and F¢ decrease accordingly.
The time when Fr dominates the motion of Na* ions depends on
the electric field strength applied. Thus, to ensure Na™ ion transport
at a required rate, the strength of an electric field should be care-
fully adjusted, and the corresponding electric field is of the optimal
strength.

In Fig. 2(b), the application of a downward electric field drives
the Na* transport from outside the SC-rich region to inside in all
the applied electric field strengths. It is noteworthy that the effects
of the changing inter-molecular interactions from the negatively
charged SCs on Na" ions still exist in these cases. The existence
is demonstrated by comparing Ac increases in the —100 (i.e., case
III in Table I) and —100 m (case IV in Table I) cases: in case IV
where the negative charges of glycocalyx SCs are switched off, the
increase in Ac compared with the E = 0 case indicates that Na" trans-
port in the same direction as the electric field, as expected; when
negative charges of SCs are involved, a smaller increase in Ac in
case III is spotted, which implies that the inter-molecular interac-
tion changes from SCs have jeopardized Na* transport. Due to the
finite lengths and the stretching structures of the SCs, the upward
movement of SCs will equilibrate at a relatively fixed position, which
means that the effect of the SCs to modify Na* ion transport via
inter-molecular interactions is limited. The limited effects from the
SCs are insufficient to alter the Na* movement driven by the electric
field, which accounts for the elevated Ac in all electric field cases in
Fig. 2(b).

B. Effect of electric field on Na* spatial distributions

The effect of an electric field on Na* spatial distribution is fur-
ther investigated. Given that water molecules are electrically neutral
and the number of water molecules is far greater than Na'* ions, the
volumes of water in Eq. (1) are assumed constant. Thus, changes
in Ac in the electric field cases are mainly attributed to the alter-
ation in Na® spatial distribution by the electric field. Follow-on
analysis will focus on cases with an electric field of 100 V/m, and
as such, strength is physiological, and Fig. 2(a) suggests that more
complicated dynamics have occurred under such an electric field
strength. For comparison, case I is also included in the analysis that
follows.

Na' number distributions along the height in cases I to IV are
illustrated in Fig. 3. In each panel, data are averaged over 0.5 ns. At
the initial stage (0.0 ns—0.5 ns) when the electric field is just applied,
cases I to III have almost the same Na* number distributions.
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During this period, Na* ions and SCs are close to each other, and
Na" number distributions are mainly determined by the SC lay-
outs. As the electric field continues to act on the system, Na* ions
and SCs move away from each other. The driving force from the
electric field on Na* ions, then, gradually overcomes the drag force
from SCs, and Na" ion transport is dominated by the electric field.
At the closing stage (3.0 ns-3.5 ns), changes in Na* number dis-
tributions follow different trends: in case II, Na* ions move from
the near-lipid-membrane region to the lumen, and the number peak
(h =12 nm-16 nm) is weakened; in case III, Na* ions travel from the
lumen to the near-lipid-membrane region and cumulate inside the
EGL, and an enhanced peak can be observed at & = 12 nm-16 nm.
Compared with case I, the distribution curves in cases IT and IIT have
smoother profiles in the h > 20 nm region as the simulation goes,
which can be attributed to the movement of Na* ions as well. In case
IV where the charges of SCs are set to 0, the motion of Na* ions is
controlled by the electric field, and a relatively even distribution is
observed.

—— casel

case |l

—}— caselll
—}— caselVv

17.4
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16.8
16.6 I
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12.8

0.0 0.5 1.0 15 20 25 3.0 35 4.0

time (ns)

FIG. 4. Proportions of Na* ions in three regions: an inner region below the SC-rich
region, within the SC-rich region, and an outer region above the SC-rich region.
Each point in this figure is time-averaged over 0.2 ns.
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To further explore the transport of Na* ions, the domain above
the lipid membrane is divided into three regions: the region from
the origin to 8 nm in height is the inner region, 8 nm to 44 nm
is the SC-rich region, and 44 nm and upward is the outer region.
The proportions of Na* ions in individual regions are calculated
and shown in Fig. 4. In case II, Na' ions travel from the outer
region to the SC-rich and inner regions, which implies that the inter-
molecular interactions from the SCs on Na" ions have overcome the
driving force from the upward electric field. Comparisons between
cases Il and IV further demonstrate that the electrostatic interac-
tions from SCs significantly alter the Na* transport direction across
the EGL.

C. Effect of electric field on SC spatial distributions

As the electrostatic interactions from SCs significantly impact
Na* transport, the movement of the negatively charged SCs is scruti-
nized. The charge distributions of SCs at all the sampling frames are
calculated. As shown in Figs. 5(a)-5(c), the imposition of an electric
field affects the motion of the SCs as it drives the movement of Na*
ions. To gauge the motion of SCs, a center of charge (CoC) in the
SC-rich region is defined in Eq. (2). By recording the CoCs at each
frame, the movement of SCs can be monitored,
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In Eq. (2), h; is the position of the ith layer in the SC-rich region
and g; is the charge of SCs in the ith layer. As illustrated in Fig. 5(d),
the electric field drives the motion of negatively charged SCs. Appar-
ently, in case III, the elevated CoC demonstrates that the downward
electric field has imposed an upward impulse on SCs. Both cases I
and II witness the falling of CoCs throughout the simulations. How-
ever, in case [, the CoC first climbs to a peak value and, then, falls to
a lower position; by contrast, in case II, a dramatic drop of CoC is
first spotted at the beginning stage, and afterward, the CoC oscillates
around a fixed position between 18.4 nm and 18.5 nm. The different
trends in the early stages indicate that the electric field directs the
motion of SCs as it drives Na" movement.

D. Effect of electric field on glycocalyx deformation

Snapshots of deformations of three randomly selected SCs in
cases I to IV are illustrated in Fig. 6. The conformational differences
in the four cases reveal a direct consequence of the imposition of the
electric field on EGL—to distort the negatively charged SCs.
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FIG. 5. Charge distributions and time evolution of Center of Charges (CoCs) of sugar chains. (a) Charge distributions of sugar chains in case I. (b) Charge distributions of
sugar chains in case Il. (c) Charge distributions of sugar chains in case |ll. (d) Time evolution of CoCs of cases | to lll.
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FIG. 6. Snapshots of deformations of three randomly selected sugar chains (front
view).
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FIG. 7. Root-mean-square deviations (RMSDs) of sugar chains in cases | to IV.
Cases Il and IIl have slightly higher RMSDs at the concluding stage of the sim-
ulations, which indicates that the electric field distorts the SCs. The large RMSD
changes in case IV suggest the importance of the negative charges of SCs in
maintaining structural stability.

The deformation or conformational changes of SCs are the
position changes of the constitute atoms. To gauge the deforma-
tion, a root-mean-square deviation (RMSD) of atomic positions as
defined in the following equation is used:
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N 2\ 1/2
i=1 Wi||Xi = Y;
RMSD = (W) . 3)
NYiL wi

In Eq. (3), x and y are two consecutive structures of SCs; N is the
number of atoms of interest, and in this study, non-H atoms from
all the 18 sugar chains are counted with a value of 25200; and w;
is a weight coefficient and identical among atoms in this research.
RMSDs of cases I to IV are compared in Fig. 7. Cases II and IIT have
slightly higher RMSDs than their case I counterpart at the conclud-
ing stage of the simulations, which corroborates the distortion of SCs
by the electric field. Interestingly, case IV has the greatest deforma-
tion, affirming that the negative charges play a role in maintaining
the structural stability of glycocalyx.

E. Effect of electric field on apparent bending
stiffness

To describe the resistance of the glycocalyx to the external
forces, apparent bending stiffness (BS) of SCs is further investigated.
The BS can be linked to persistence length (L,) by the following
equation:‘w

BS

Ly= —.
P kT

(4)
In Eq. (4), kg is the Boltzmann constant, and T is the temperature.
Ly can be obtained by solving the following equation:"’

(lhe’) = 2LeLp — 2L, °[1 — exp(~Le/Lp) - (5)
In Eq. (5), {I?) is the averaged square end-to-end distance, and L.
is the contour length of SCs with a value of 516 A in this study.
End-to-end distances are measured and averaged among all the SCs
at every time frame. Incorporating L, from Eq. (5) into Eq. (4),
then, gives the apparent BS. Entropic stretching of SCs can result
in changes in the end-to-end distance. To mitigate the influence
of entropic stretching and manifest the effects of an electric field
or “muted” charges on the bending stiffness, the end-to-end dis-
tances and BSes are further averaged over all the time frames in
the 4-ns simulations. Figure 8 shows the comparisons of the average
end-to-end distances and apparent BSes among cases I to IV. The
electric field imposes manifold influences on the end-to-end dis-
tance and the apparent BS of SCs: first, it can directly modify the
atomic positions of SC components via electrostatic forces, thereby
modifying the end-to-end distance and the apparent BS; it can also

FIG. 8. Average end-to-end distance of
| glycocalyx sugar chains and the corre-

| sponding apparent binding stiffness (BS)

in cases | to IV. (a) Average end-to-end
distances in the four cases. (b) Appar-
ent BS in the four cases. T-tests are
used to check the statistical significance
between cases with and without an elec-
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tric field. *p < 0.05 and ***p < 0.001.
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alter the spatial distributions of the surrounding ions with their
interactions with SCs being changed. As illustrated in Fig. 8, the ori-
entation of the electric field affects the average end-to-end distance
and the apparent BS of SCs: compared with case I, the +z-direction
electric field of case II shortens the average end-to-end distance of
SCs and impairs the apparent BS, while the —z-direction electric
field in case IIT extends the SCs and enhances the BS. Comparisons
between cases IIT and IV further validate the role of negative charges
in maintaining the BS.

IV. DISCUSSION

When an electric field is applied over the endothelium, it affects
the dynamics of all the charged atoms/particles inside the EGL. In
this study, the electric field modifies the atom positions of SCs as
it drives the Na" ion transport. Figure 9 summarizes the relation-
ship among the electric field, the negatively charged SCs, and Na*
ions. The inter-molecular interactions between SCs and Na* com-
prise van der Waals and electrostatic interactions. The changes in SC
positions by the electric field consequently cause the inter-molecular
interaction changes between SCs and Na* ions. As the SCs and Na*
ions are of opposite charges, the attractive electrostatic forces, then,
form a drag force to impede the oriented transport of Na* ions
driven by the electric field. The Na" ions, in turn, alter the apparent
properties of SCs via the varied ion spatial distribution.

Here, we propose a hypothesis regarding the existence of a
threshold of the electric field in driving the oriented movement
of charged particles in the endothelium. Below the threshold, the
hindrance from the endothelium increases with the electric field
strength. In Fig. 2, the strength threshold of the electric field to con-
trol Na™ transport is a value between 100 V/m and 200 V/m, and
the 100 V/m case has a stronger interference in Na* transport than
its 10 V/m counterpart. This hypothesis can also be extended to
the galvanotaxis of cells in order to provide explanations for some
contradicting results in the literature. For example, previous studies
showed that a weak electric field of 10 V/m could produce galvano-
taxis in cells only in a few minutes;"' by contrast, a strong electric
field of 1500 V/m took about 25 min to achieve an equilibrium
redistribution of charged surface proteins on rat basophilic leukemia
cells."” According to our hypothesis, a strong electric field could
result in great resistance from the surface glycocalyx as it drives cells.

driving force

Electric field Na*t

oriented transport

position
changes

FIG. 9. Relationship among Na* ions, SCs, and the electric field. The electric field
is the driving force of Na* transport and changes the SC conformations as well.
The electrostatic interaction from SCs jeopardizes the oriented movement of Na*
ions by the electric field. The changing Na* distribution, in turn, alters apparent
properties of SCs.
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To overcome the large resistance, additional energy, which means
longer exposure time to the electric field, is required.

Indeed, the hindrance from the negatively charged glycocalyx
on Na' transport also has a favorable impact. As shown in Fig. 2,
increases in Ac are always found in cases with weak electric fields
(10 V/m and 100 V/m), independent of the directions of electric
fields. This feature would benefit the application of both alternating
current (AC) and DC electric fields in Na* transport control, espe-
cially when a consistent Na* transport direction is needed. In an AC
electric field with a delicately designed strength, the direction of Na*
transport can remain unchanged when the direction of the electric
field is changed. When a DC electric field is applied to the blood ves-
sels, the roughly cylindrical geometry of the blood vessels [Figs. 10(a)
and 10(b)] and their arbitrary orientations in 3D [Fig. 10(c)] cause
diverging effects on Na* movement. If there were no charges of
SCs, the electric field would drive the Na* transport toward the
lumen in the upper half of the blood vessel, but drive Na* ions
away from the lumen in the lower half, as schematically shown in
Fig. 10(a). According to our results, in weak electric-field conditions,

(@) Electric field
7/
Lumen Glycocalyx
(b) Electric field

Electric field

~_ / —

FIG. 10. Schematic of blood vessels under a DC electric field. (a) Cross section
along a blood vessel. (b) Radial cross section. (c) A tortuous blood vessel.
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the existence of the negative charges of SCs will reconcile the diverg-
ing effects and maintain a consistent Na* transport direction to the
lumen.

V. CONCLUSIONS

In this research, the sodium ion transport across the EGL under
the influence of an electric field is investigated. To study the effects
of electric field strengths on Na* movement, a series of molecular
dynamics simulations are conducted. The electric field is perpen-
dicularly imposed on the EGL with strengths of 10 V/m, 100 V/m,
and 200 V/m, respectively. The Na* molarity difference between the
inner and outer regions of EGL, Ac, is used to quantify Na" trans-
port. Compared with the situation without an electric field, a weak
electric field (10 V/m and 100 V/m) increases Ac independent of
the electric field orientation. By contrast, in the presence of a strong
electric field (200 V/m), Na* ions travel in the same orientation of
the electric field. The electric field modifies the spatial distributions
of SCs as it drives the transport of Na* ions. The modification in
SC layouts would change the inter-molecular interactions between
SCs and Na®, thereby limiting the control of Na* ions via the elec-
tric field. The Na* ions, in turn, alter the apparent bending stiffness
of SCs via the varied spatial distribution. Results also indicate that
the negative charges of SCs play an important role in maintaining
structural stability of glycocalyx.

This research adds unique atomic insight into the electric field
control over EGL ion transport and could facilitate the design of
electric-field-assisted therapeutic strategies to cure cardiovascular
diseases. In future work, it is desirable to investigate the effects of
an electric field with parallel orientations to EGL on microvascular
permeability and mechanotransduction.

SUPPLEMENTARY MATERIAL

Charge distribution of sugar residues is provided in the supple-
mentary material.
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