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Targeted drug delivery has been a major advancement in modern medicine, with a specific
focus on delivering therapeutic drugs directly to diseased tissues as a means of minimizing
side effects. A basic concern especially at the cellular level is drug carrier interaction with
biological membranes under mechanical forces. On the contrary to latter researches, it is well
important to investigate drug delivery mechanism in atomic scale environment. A critical
parameter in determining the success of drug delivery is the degree of drug carrier and
biological membrane interaction under mechanical stresses. Therefore, in the current study,
molecular dynamics (MD) simulations were carried out to examine the biomechanical
response of membranes at the nanoscale level. In order to investigate the effect of blood flow
over cell membrane and its permeability, the outer membrane of a cell was modeled using a
POPC lipid bilayer and shear strain and stress were evaluated. The impact of variation in
blood flow velocity—such as those induced by physiological changes like aortic stiffening,
calcification, or pathological conditions—was evaluated on the induced shear stress. The
given results implied that as velocity increased, the shear stress approached permissible limit
for different blood vessel types. Notably, at a velocity of 5 m/s, shear stress reached critical
levels, nearing the structural threshold beyond which membrane rupture could occur. Such
extreme conditions have direct implications for vascular biomechanics, as excessive shear
stress may compromise membrane stability and disrupt essential cellular functions,
particularly in circulatory environments exposed to fluctuating hemodynamic forces.
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1- Introduction

In the management of solid neoplasms, the standard
therapeutic approach often involves the administration of
chemotherapeutic agents. These agents are characterized by
their low molecular weight and diminutive size, typically
measuring a few nanometers in diameter, which facilitates
their cytotoxic activity. Targeted drug delivery is a strategic
approach designed to enhance the concentration of
pharmacological agents within specific body regions. The
objective is to amplify the therapeutic impact on targeted
tissues, thereby optimizing the efficacy of treatment.
Concurrently, this method aims to diminish the drug's presence
in non-targeted tissues, which significantly curtails the
spectrum of potential side effects. Extensive research has
focused on improving drug delivery mechanisms to
maximize therapeutic efficacy. Notably, Byron [1] discussed
devices aimed at enhancing the efficiency of lung drug
delivery. He argued that although achieving high delivery
efficiencies is possible, the development of such devices is
expensive and may only be justified if paired with drugs that
significantly benefit therapeutically and economically from
the investment. Additionally, selecting an appropriate device
requires careful consideration of the physicochemical
properties and dosing requirements of the drug intended for
inhalation. This approach differs from conventional drug
targeting methods, which primarily rely on the biochemical
and physicochemical characteristics of diseased tissue.
Shear-targeted drug delivery is an innovative approach that
takes advantage of the unique physical conditions present in
diseased blood vessels. In healthy arteries, the hemodynamic
conditions tend to remain quite stable. The average shear
stress in a healthy arterial system is about 1.5 pascals (Pa),
which helps to maintain normal physiological function. In
contrast, a blood vessel with stenosis can exhibit shear stress
ranging from 15 to 100 Pa [2]. Wall stress increases
nonlinearly with blood pressure, particularly with pulse
pressure [3]. Shear stress acting parallel to the surfaces of the
artery's layers—intima, media, and adventitia—can lead to
interlayer sliding, which plays a significant role in arterial
biomechanics [4]. This effect depends on blood pressure and
the distinct mechanical properties of each layer [5]. The shear
stress caused by blood flow is essential in vascular
pathophysiology. Table 1 summarizes shear stress values in
human vessels [6]. Shear stress influences endothelial cell
behavior, gene expression, platelet and red blood cell
aggregation, and vascular wall remodeling, among other
critical biological processes [7].

Biocompatible and biodegradable polymers are extensively
employed in clinical settings for controlled drug release. The
global market for these polymer-based systems is valued at
approximately $60 billion annually, benefiting over 100
million patients each year [8]. A drug-release system delivers
the active substance to the patient. Initially, a diffusion
mechanism ensures sustained drug release, followed by bulk
hydrolysis of the polymer, making it ideal for delivering
relatively small molecules. However, modern techniques
necessitate the incorporation of drugs that vary in nature and
molecular size, and diffusion alone is insufficient for releasing
large molecules [9]. Natural polymers such as arginine,
chitosan, dextrin, polysaccharides, and hyaluronic acid have
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been utilized in polymeric drug delivery systems. The micro-
processes required for developing such carriers—including
genetic engineering and in vivo treatments to incorporate
therapeutic substances—make it challenging to maintain the
integrity of both natural and synthetic polymers within the
body. Traditionally, there has been a significant gap between
synthetic and biological systems [10]. The first closed bilayer
phospholipid systems, known as liposomes, were described in
1965 and were soon proposed as drug delivery systems.
Advances in phospholipid systems led to numerous clinical
trials in various fields, including the delivery of anti-cancer
drugs [11]. Currently, liposomes are the most widely used
system for delivering antimicrobial drugs and can release
their payloads to cell membranes or into the interior of
bacteria. The unique structure of liposomes, featuring a lipid
membrane surrounding an aqueous cavity, allows them to
carry both hydrophobic and hydrophilic compounds without
chemical modification [12].

Nanoparticles, typically up to 100 nanometers in size, are
small objects used in drug transport and therapeutic
applications. They enable targeted drug delivery and
controlled release. The European Medicines Agency (EMA)
defines nanomedicines as drugs composed of nanomaterials.
Various nanomedicines have been developed and applied in
both clinical and non-clinical areas. These nanomedicines are
classified into several categories, including liposomes,
quantum dots, polymeric micelles, carbon nanotubes, and
fullerenes [13]. Nanoparticles have proven beneficial in
diagnosis, treatment, and surgeries by improving drug
stability in the body, protecting drug molecules within
systemic circulation, and ensuring controlled and sustained
drug release to specific sites [14]. Nanoparticles are highly
reactive entities with unique physicochemical properties,
including a small, controllable size and a large surface-to-
mass ratio [15]. These characteristics enhance the suitability
of drug molecules for targeted delivery by improving their
pharmacokinetic and pharmacodynamic properties [16].

The use of molecular dynamics (MD) in targeted drug delivery
systems has been an attractive research topic during recent
years. Notably, Pastor et al. [17] evaluated the performance of
the CHARMM36 (C36) and CHARMM27 (C27) lipid force fields
and POPC (palmitoyl-oleoyl-sn-glycero-phosphocholine)
bilayers using the TIP3P water model. The simulations
demonstrated that C36 and C27 accurately reproduce several
key membrane properties, including headgroup area. The
headgroup area for POPC was found to be within 5% of
experimental values, indicating good agreement. However,
there are certain limitations. Remarkably, the calculated
membrane dipole potential (MDP) for POPC bilayers was
higher than experimental estimates [17]. In a study by Murzyn
et al. [18], the presence and configuration of unsaturated
bonds in phospholipid acyl chains and their influence on the
structural and interfacial properties of lipid bilayers were
examined using molecular dynamics simulations. Bilayers
composed of POPC, PEPC, and DMPC were analyzed, and the
key finding was that the average area per phosphatidylcholine
(PC) molecule was approximately 4 A? larger in the mono-
unsaturated POPC and PEPC bilayers compared to the
saturated DMPC bilayer. These structural properties can
influence membrane fluidity and permeability, highlighting

Volume 25, Issue 09, September 2025



605

the critical role of lipid unsaturation in determining
membrane behavior [18].

Nanobubbles—gas-filled vesicles typically under 1 pum—can
be engineered to carry therapeutic agents and release them at
specific sites. Shear stress plays a crucial role in modulating
the endothelial cell response to nanobubbles. Under elevated
shear conditions, endothelial cells can alter membrane
permeability, making them more receptive to nanobubble-
mediated delivery, especially when combined with
ultrasound or other mechanical stimuli. Numerical
simulations were carried out using molecular dynamics (MD)
and computational fluid dynamics (CFD) on encapsulated
bubbles to evaluate the impact of water jets on adjacent walls.
The resulting stress and pressure imposed on the wall were
reported accordingly [19,20]. In several recent studies [21-
23], the collapse of cavitation bubbles was investigated to
generate strong flow fields that resulted in cell detachment
from the substrate and temporary membrane poration.
However, the main limitation of these studies is the absence
of molecular-level resolution regarding membrane disruption
mechanisms.

The molecular dynamics in nanobubble-mediated drug
delivery has been addressed in a few studies. Among them,
Vedadi et al. [24] investigated the effect of nanobubble size
and velocity on cell membranes. They suggested that the
collapse of nanobubbles near biological membranes can
create transient nanopores due to the impact of nanojets. This
phenomenon has potential applications in targeted drug
delivery, as it could facilitate the transport of therapeutic
agents across cell membranes. Despite these findings, the
study focused on a pure water system without considering
biologically relevant interfaces such as lipid membranes or
solutes, while using the ReaxFF potential. Sun et al. [25]
employed MD simulations to explore how lipid-shelled
nanobubbles interact with phospholipid bilayers under shock
wave conditions. The simulations revealed that both the
initial diameter of lipid nanobubbles and the velocity of the
applied shock wave significantly affect the collapse dynamics.
The study also compared lipid nanobubbles with vacuum
nanobubbles and found that lipid-coated nanobubbles
attenuate the effects of shock waves more effectively. Nan et
al. [26] investigated the mechanisms by which shock-induced
nanobubble collapse leads to the perforation of cellular
membranes. Using Martini coarse-grained MD simulations,
they explored the formation and evolution of nanoscale
cavitation during this process. Unlike related studies, this
work focused on coarse-grained MD, which is
computationally efficient but may overlook critical atomistic
details of lipid-drug or lipid-solvent interactions during
nanobubble collapse.

Table 1 Wall shear stress in normal and stenotic human vessels

Blood Vessel Wall Shear Stress (Pa)
Normal arteries 1-6
Normal veins 0.1-1
Mildly Stenotic arteries >10
Highly Stenotic arteries >100
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Fig. 1 Molecular Structure and Chemical Formula of POPC Lipid
Bilayer

In the present study, we performed MD simulations to
investigate the shear stress exerted on the cell membrane
under conditions similar to blood flow. The novelty of this
study lies in understanding how mechanical forces generated
by blood flow influence the cell membrane at the molecular
level. A particularly innovative aspect of our research was the
exploration of how variations in blood flow velocity—such as
those induced by physiological changes like aortic stiffening,
calcification, or pathological conditions—alter both the
magnitude and spatial distribution of shear stress on the
membrane surface. These factors are known to contribute to
cardiovascular diseases, yet their direct impact at the
molecular scale of the cell membrane has remained unclear.

2- Model description

In this study, POPC (palmitoyl-oleoyl-sn-glycero-
phosphocholine) lipid was utilized to simulate the cell
membrane. The geometric and chemical structures of POPC
are illustrated in “Figure 1”. To examine the interaction
between POPC and the predominant body fluid, water, the
lipid was combined with water molecules. According to this
figure, the structure includes three main regions: the
hydrophilic (water-attracting) headgroup, the glycerol
backbone, and the two hydrophobic (water-repelling) fatty
acid tails. The headgroup, made up of atoms like phosphorus,
nitrogen, and oxygen, interacts with the surrounding water.
The two tails differ slightly—one is saturated (straight) and
the other is unsaturated (kinked)—which influences how the
molecule packs in a membrane and affects its fluidity. These
POPC monomers are arranged into a bilayer structure,
mimicking a cell membrane in an aqueous environment.
"Figure 2" illustrates an MD simulation snapshot of a fully
assembled POPC lipid bilayer, constructed by replicating
individual POPC monomers. The bilayer is presented in a
space-filling representation, with each colored sphere
corresponding to a specific atom type. The outer surfaces
display the lipid headgroups, composed of various polar
atoms oriented toward the aqueous environment, effectively
mimicking the natural arrangement found in biological
membranes. This bilayer serves as a model of a semi-
permeable membrane system, allowing for the investigation
of its structural integrity and permeability under external
mechanical perturbations. The dense packing of the
hydrophobic tails contributes to the membrane’s mechanical
stability, while the relatively disordered headgroup regions
provide fluidity and adaptability. This configuration enables
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Fig. 2 Simulation snapshot of a POPC lipid bilayer in a space-filling
representation, showing the organized assembly of lipid molecules
with hydrophilic headgroups facing the aqueous environment and
hydrophobic acyl chains forming the membrane core. This model
system is used to study membrane structure, stability, and
permeability under shear-induced mechanical stress.

detailed analysis of transient pore formation, molecular
transport across the bilayer, and the mechanisms underlying
membrane disruption.

The simplified POPC bilayer model, while useful for
controlled molecular dynamics studies, differs significantly
from real biological membranes in several key ways. Unlike
the diverse and asymmetric lipid composition of natural
membranes, POPC systems are uniform and symmetric,
lacking cholesterol, membrane proteins, and environmental
complexity. This simplification leads to an overestimation of
membrane fluidity and overlooks critical phenomena such as
lipid rafts, protein-lipid interactions, and electrostatic
gradients. Despite these limitations, POPC remains a valuable
baseline for probing fundamental membrane behavior prior
to introducing biological realism.

"Figure 3" presents a molecular dynamics simulation
configuration depicting a POPC lipid bilayer overlaid with a
layer of water molecules. The entire simulation box
measured 5 x 5 x 10 nm, and periodic boundary conditions
were applied in all directions. Within this simulation domain,
a total of 7906 POPC lipid atoms were in contact with 6707
water molecules. The overlying water molecules are
distinctly represented by red and white spheres,
corresponding to oxygen and hydrogen atoms, respectively.
This configuration reproduces a biologically relevant
environment, where the membrane exists in direct contact
with an aqueous medium, essential for accurately modeling
cellular conditions. The system is designed to investigate the
effects of shear stress induced by directional water flow
across the membrane surface. By applying controlled
velocities to the water molecules, mechanical forces are
transmitted to the lipid headgroups, enabling the study of
stress propagation and deformation within the membrane.
The simulation setup shown in "Figure 3" was performed in
two main steps. First, the simulation geometry of "Figure 3"
was equilibrated using the NVE ensemble for 300
picoseconds. Subsequently, the flow velocity (implemented
to all the water molecules) was changed and applied
according to the NVT set at a base temperature of 38°C (310
K), and the shear stress on the cell membrane surface was
calculated accordingly. The water model employed in this
simulation was TIP3P and considered as rigid bodies during
the simulation. The simulation time step was set to 2
femtoseconds, and the CHARMM force field was used.
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Fig. 3 Simulation snapshot showing a POPC lipid bilayer overlaid with
a layer of water molecules. This configuration is used to study the
effects of shear stress on the membrane by applying velocity to the
water layer, allowing investigation into membrane deformation,
permeability changes, and lipid structural responses under fluid-
induced mechanical forces

Table 2 pairwise interactions of water molecules based on TIP3P model

0-0 HH
ekCal) D 0.1521 0.046
o (nm) 0.315 0.04

The interaction coefficients between water and the cell
membrane, based on the Lennard-Jones potential (Eq. 1),

were calculated by Lorentz-Berthelot law.
6

vy =4el(D) ~ (97 W

r
The simulated cell membrane measured 5 x 5 X 5 nanometers

and comprised 59 monomers of the POPC lipid structure. In
total, the cell membrane's geometry included 7,907 atoms.
Boundary conditions on x, y and z direction were periodic
and large enough to ensure the geometry equilibration. To
simulate the extracellular environment, the upper region of
the membrane was filled with water molecules, as previously
detailed. This region contains a total of 10,400 water
molecules. "Table 2" presents the pairwise interaction
coefficients of water molecules based on the Lennard-Jones
potential. The coefficients of (Equation 1) for interactions
between hydrogen and oxygen atoms may vary between
models, depending on the specific model used. The
corresponding and values from the Lennard-Jones potential
can be determined using various methods, such as the
Lorentz-Berthelot law [27]. It is notably to say that all
simulations were conducted via LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator) package
and also geometries were built by using VMD (Visual
Molecular Dynamics).

The impact of variations in blood flow velocity—such as
those induced by physiological changes was stusied on the
cell membrane. It is well known the velocity distribution in
blood vessels is categorized into the following three types
[28]:

- Mild velocity increase resulting from mild aorta stiffening:
v<2m/s

- Moderate velocity increase resulting from moderate aorta
stiffening: 3m/s<v<4m/s

- Severe velocity increase resulting from extreme aorta
stiffening: v>4m/s
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3-Results and Discussion

High velocities in blood vessels are attributed to the presence
of calcium deposits. In order to examine the effect of velocity
distribution on cell membrane, we presented the shear strain
distribution contours and the shear stress per unit time
graph on the simulated cell membrane, resulting from the
application of each velocity for duration of 350 picoseconds.
Since the imposed velocity values are constant and the
velocity profile remains uniform along the simulation
domain, shear stress fluctuations do not change significantly
with increased simulation time. Currently, shear stress
values are averaged over a sufficiently long simulation
period (350 picoseconds), ensuring that the findings of this
study are reliable.

"Figure 4" illustrates the time-dependent temperature
changes, while "Figure 5" depicts the energy changes of the
entire system per unit time. According to the graph, the
energy has reached an equilibrated state, indicating that the
geometry is stable.

"Figure 4" illustrates the temporal evolution of the
temperature of a POPC lipid bilayer subjected to wall shear
stress, as calculated from MD simulations. The x-axis denotes
the simulation time (up to 300 picoseconds), while the y-axis
represents the corresponding membrane temperature in
degrees Celsius. An initial rapid increase in temperature is
observed within the first ~50 picoseconds, rising from
approximately 25 °C to nearly 38 °C. This behavior indicates
a swift energy transfer from the sheared fluid to the
membrane, likely resulting from viscous dissipation and
interfacial molecular interactions. Following the initial rise,
the temperature exhibits a slower, more gradual increase,
reaching a maximum of slightly above 40 °C around 150
picoseconds. After this peak, the temperature begins to
equilibrate, with minor fluctuations suggesting a dynamic
equilibrium state. These variations may be attributed to
transient molecular rearrangements within the lipid bilayer
and continued, albeit less intense, energy exchange with the
surrounding fluid. The overall trend suggests that the POPC
membrane responds sensitively to externally applied shear,
with its thermal profile reflecting the interplay between fluid-
induced stress and internal dissipative mechanisms.

"Figure 5" presents the total energy profile of the POPC lipid
bilayer system subjected to shear flow over 300 picoseconds.
The y-axis denotes the total energy in kcal/mol, while the x-
axis represents the simulation time in picoseconds. A sharp
decrease in total energy is observed during the initial 25-30
picoseconds, indicating a rapid relaxation of the system as it
transitions from its initial configuration toward a more
thermodynamically stable state. Following this initial energy
drop, the system exhibits minor fluctuations around an
average value, with the total energy eqilibrationn at
approximately -18234 kcal/mol. These small oscillations
suggest local structural adjustments within the membrane or
transient interactions between the lipid and water molecules
under shear stress. The relative constancy of total energy
over the remaining simulation time confirms that the system
reaches a quasi-equilibrium state despite the imposed
mechanical perturbation. This behavior reinforces the
thermal data, indicating that the POPC bilayer retains
structural and energetic stability under steady-state shear
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Fig. 4 Temperature evolution of the POPC lipid bilayer under shear
stress over a 300 picoseconds molecular dynamics simulation. The
temperature increases rapidly during the early stages due to energy
transfer from the sheared water molecules, followed by gradual
stabilization, indicating thermal equilibration of the membrane
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Fig. 5 Total energy profile of the POPC membrane system subjected to
shear-induced flow. A significant initial decrease in total energy
reflects system relaxation, followed by minor fluctuations around a
stable value, suggesting attainment of a quasi-equilibrium state
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Fig. 6 Shear Strain Distribution in POPC Membrane Under Fluid
Interaction A visualization of localized strain in the lipid bilayer,
highlighting spatial variations in deformation due to imposed shear
forces.

conditions, a critical characteristic for biological membranes
exposed to fluid flow environments.

According to [17], the CHARMM force fields C27 and C36 were
evaluated for their applicability to the POPC phospholipid
bilayer of the cell membrane. By comparing the simulation
results with experimental data, it was conclusively
determined that the C27 force field is suitable for modeling
the POPC monomer within the cell membrane. Based on these
findings, the C27 force field was employed in this study to
simulate the cell membrane for the case illustrated in "Figures
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Fig. 7 Shear Stress Distribution in POPC Membrane Under Varying
Fluid Velocities A visualization of shear strain variations within the
lipid bilayer, demonstrating the impact of increasing fluid velocity on
membrane deformation.

2and 3". Asillustrated in "Figure 6", an increase in tangential
velocity on the plane, corresponding to an increase in water
molecule velocity, leads to a proportional rise in the
amplitude of shear stress oscillations. The results indicate
that lower velocities, such as 0.5 m/s and 1 m/s, exhibit
reduced oscillation amplitude compared to higher velocities
like 1.5 m/s and 5 m/s. This trend highlights the direct
relationship between fluid velocity and shear stress impact
on membrane mechanics.

"Figure 7" provides the average shear stress values for each
tested velocity over 300 picoseconds of simulation time. The
results indicate that at a velocity of 5 m/s, classified within
the severe velocity range, shear stress exceeds the

permissible and tolerable limits. This excessive shear stress
can potentially lead to structural failures or adverse effects
within the membrane. Shear stress was calculated along the
x-y axis of the membrane plane, with velocities spanning
both moderate and severe ranges. The findings from “Table
1” and "Figure 7" consistently demonstrate that as fluid
velocity increases, the membrane approaches its permissible
shear stress limit, reinforcing the validity of the results.
"Figures 8" present the shear strain distribution contours for
each velocity. The images indicate that the shear strain
increases eith the tangential velocity on the cell membrane.
This results in a gradual increase in cell permeability over
time. If the velocity exceeds the allowable limit, it may lead
to the rupture of the cell membrane. According to the results
reported in "Table 1", the allowable limit for the blood
vessels examined in this study is 100 Pascal. In "Figure 8-a",
the distribution of shear strain (Eq 2) in the early phase of
the simulation box is shown. Based on this illustration, the
shear strain at t = 0 picoseconds is close to 0. It should be
noted that in the subsequent stages of the simulation, the
desired velocity was applied to the water molecules
according to "Figure 3".

@
y© =L @
xy ay

Additionally, the shear stress and shear strain values
discussed in this article were calculated and reported
accordingly

Fig. 8 Contour plots depicting the spatial distribution of shear strain exerted by water across a POPC lipid bilayer under different applied shear rates
along the membrane plane. Shear conditions were applied with magnitudes of (a) v=0m/s, (b) v=0.5m/s, (c) v=1.0m/s, (d) v=1.5m/s,and (e) v
=5.0 m/s. The resulting shear stress fields captured at 200 picoseconds after the initiation of simulation setup, highlight the membrane-fluid interface
dynamics. Color gradients represent local variations in shear stress intensity by nm/nm, with warmer colors indicating regions of elevated interfacial

stress.
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Table 3 summarized shear stress on cell membrane domain for
imposed velocities to water molecules

Water molecules velocity (m/s) Computed Wall Shear Stress (Pa)

0.5 8.77
1 14.6
1.5 27.49
5 334

"Figures 8-b" shows a planar view of the POPC lipid bilayer
highlighting the spatial distribution of shear strain at t =
200 picoseconds, in which water molecules were driven
across the membrane surface at a velocity of 0.5 m/s from
right to left. For clarity, water molecules were removed from
the visualization, isolating the membrane response. The
color scale represents the local shear strain experienced by
lipid molecules, with cooler tones (blue) indicating regions of
lower strain and warmer tones (yellow to red) denoting
areas of higher deformation. The strain distribution exhibits
significant heterogeneity across the membrane surface.
Higher shear strain concentrations, particularly in the
rightmost and lower-right regions, correspond to areas
directly impacted by the initial fluid-membrane interaction,
where momentum transfer from the sheared water
molecules is most intense.

Comparing the contour plots for fluid velocities of 1 m/s and
5 m/s reveals significant differences in shear strain
distribution within the POPC membrane. In "Figure 8-c", the
shear strain is relatively moderate, with variations observed
primarily in localized regions due to fluid interaction. Lower
shear strain areas remain relatively stable, indicating
minimal lipid displacement. The contour plot exhibits higher
strain regions, where the deformation is more pronounced,
suggesting that elevated fluid velocity enhances lipid
displacement and membrane remodeling. The differences in
strain distribution between the two cases highlight the
nonlinear relationship between fluid shear and membrane
mechanics. The higher velocity (5 m/s) imposes greater
shear stress, increasing deformation across the membrane
surface and potentially affecting lipid organization,
membrane permeability, and structural integrity. This
observation  aligns  with  biomechanical studies
demonstrating that shear forces influence lipid dynamics in
biological membranes.

"Figure 8-d and 8-e" present the distribution of shear strain
within the POPC cell membrane subjected to fluid shear
stress. The membrane was exposed to a fluid velocity of 1.5,
5 m/s, flowing from right to left, leading to differential strain
patterns across the membrane surface. As the water
molecules exert shear forces on the membrane, localized
strain accumulates, potentially impacting lipid arrangement
and membrane stability. The visualization is captured at 200
picoseconds to provide insight into the temporal progression
of strain response in the lipid bilayer. Higher strain regions
suggest pronounced lipid displacement due to sustained
fluid interaction, while lower strain areas imply relative
stability in those regions.

The observed strain distribution in "Figures 8" aligns with
the findings from "Figure 7”, reinforcing that increased fluid
velocity enhances lipid displacement and membrane
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remodeling. These insights contribute to the understanding
of membrane biomechanics and its implications for
biological membranes, synthetic lipid systems, and fluid-
induced structural adaptations. Summarized values of shear
stresses relevant to water velocities (“Figure 7”) are
reported in “Table 3” as well.

4-Conclusions

In common MD simulations there are time scale and box size
limitations. As the box size increases number of interacting
molecules increase as well. This leads to significant increase
in simulation time. By increasing the time scale of the
simulations (in order of tens of nanoseconds) this problem
uprises again. This study examined the interaction between
water, the dominant fluid in the human body and a lipid
bilayer (POPC) subjected to varying velocity ranges. Every
single simulation conducted in this study, took 15 hours with
4 engaged processors simultaneously.

By employing molecular dynamics simulations, the effects of
shear forces on membrane mechanics were investigated,
with a particular emphasis on their implications for drug
delivery systems. Water molecules were applied to the
membrane at velocities ranging from 0.5 m/s to 5 m/s,
allowing for the quantification of shear strain and shear
stress across different conditions. The results demonstrated
a clear correlation between increasing tangential velocity and
enhanced shear strain within the membrane, suggesting
potential alterations in permeability and molecular transport

mechanisms essential for biological processes.

Additionally, the study analyzed the impact of fluid shear
stress by calculating averaged values across the membrane
plane. It was observed that as velocity increased, the shear
stress approached the permissible limit for different blood
vessel types. This finding underscores the importance of
regulating fluid forces to maintain membrane integrity under
physiological conditions. Notably, at a velocity of 5 m/s, shear
stress values reached critical levels, nearing the structural
threshold beyond which membrane rupture could occur.
Such extreme conditions have direct implications for vascular
biomechanics, as excessive shear stress may compromise
membrane stability and disrupt essential cellular functions,
particularly in circulatory environments exposed to
fluctuating hemodynamic forces. The insights gained from
this study provide valuable contributions to the
understanding of membrane biomechanics under fluidic
shear conditions. By elucidating the relationship between
tangential velocity, shear strain, and shear stress, this
research reinforces the necessity of optimizing fluid
interactions in biomedical applications, including targeted
drug delivery and vascular health assessments. Future
investigations may extend this analysis by incorporating
additional lipid compositions, fluid properties, and
physiological parameters to enhance the predictive accuracy
of membrane behavior under dynamic conditions. Such
advancements could lead to improved drug transport models,
better therapeutic strategies, and a deeper understanding of
membrane resilience in complex biological systems.
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