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Introduction

Abstract

Introduction: In tissue engineering, the
interaction among three primary -elements, %G Skisiie S
namely cells, material scaffolds, and stimuli, K 1]
plays a pivotal role in determining the fate of cells | smanmotccutes * a5z
and the formation of new tissue. Understanding | ****—
the characteristics of these components and
their interplay through various methodologies | o
can significantly enhance the efficiency of the
designed tissue engineering system. In silico
methods, such as molecular dynamics (MD)
simulation, use mathematical calculations
to investigate molecular properties and can overcome the limitations of laboratory methods in
delivering adequate molecular-level information.

Methods: The studies that used molecular dynamics simulation, either alone or in combination
with other techniques, have been reviewed in this paper.

Results: The review explores the use of molecular dynamics simulations in studying substrate
formation mechanism and its optimization. It highlights MD simulations' role in predicting
biomolecule binding strength, understanding substrate properties' impact on biological activity,
and factors influencing cell attachment and proliferation. Despite limited studies, MD simulations
are considered a reliable tool for identifying ideal substrates for cell proliferation. The review also
touches on MD simulations' contribution to cell differentiation studies, emphasizing their role in
designing engineered extracellular matrix for desired cell fates.

Conclusion: Molecular dynamics simulation as a non-laboratory tool has many capabilities in
providing basic and practical information about the behavior of the molecular components of the
cell as well as the interaction of the cell and its components with the surrounding environment.
Using this information along with other information obtained from laboratory tools can ultimately
lead to the advancement of tissue engineering through the development of more appropriate and
efficient methods.
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Molecular study

Tissue engineering aims to create functional constructs

Despite tremendous advances in biology and medicine,
many diseases and physical disabilities remain unresolved.
These conditions include nervous system disorders such
as spinal cord injuries,' various metabolic disorders such
as diabetes,” blindness, or low vision caused by damage
to a specific part of the eye, such as the retina,’ etc.
Conventional therapies have been incapable of overcoming
these conditions and are used more in a managerial aspect.
Therefore, researchers have taken various approaches to
provide effective treatments, including stem cell therapy,*
gene therapy,’ and tissue engineering.®

that restore, maintain, or improve damaged tissues or
whole organs.” Tissue engineering studies, which utilize
biomaterials for mechanical support or as systems for
stem cell or drug delivery, have demonstrated significant
potential in the management of diseases. For example,
in the case of spinal cord injuries, tissue engineering can
provide scaffolds that support the regeneration of neural
tissue and guide the growth of axons across the lesion site.®
Moreover, tissue engineering can incorporate stem cells,
growth factors, and biomimetic materials to enhance the
recovery of neurological function. Similarly, for metabolic
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disorders such as type 1 diabetes the goal is to use
biomaterials that can hold cells, such as islets or B-cells,
and provide them with a suitable environment outside and
inside the body to keep them alive and functioning.’

The flexibility of tissue engineering distinguishes it
from other methods since various types of cells, chemical,
biological and physical stimuli, and different substrates
such as hydrogels and nanofiber scaffolds can be used
according to the intended purpose.

Here, a comprehensive molecular-level understanding
of the tissue engineering components in terms of physico-
chemical properties, formation mechanisms, and their
interaction with living materials will greatly help the design
ofmoreadvancedsystems. Asaresult,several techniquesare
routinely utilized in the study of interactions between cells,
proteins, and DNA with substrates and nanostructures,
offering valuable information from various perspectives.
Of these techniques, UV-vis, fluorescence spectroscopy,
dynamic light scattering, and atomic force microscopy
for the study of binding and its strength; circular
dichroism, Fourier transform infrared spectroscopy,
Raman spectrometry, X-ray crystallography, and nuclear
magnetic resonance to study conformational changes;
mass spectroscopy and N-terminal microsequencing for
identification; and finally, quartz crystal microbalance
and surface plasmon resonance methods to study the
interaction kinetics can be mentioned. For example, using
Raman tweezers spectroscopy, Barkur et al have revealed
the deoxygenation of red blood cells in the presence of
gold and silver nanoparticles (NPs) due to the adhesion
of the NPs to cell surfaces."® Although these laboratory
techniques provide excellent details about the interactions
and the fabricated structure as a whole, there is still a
knowledge gap regarding what happens at the molecular
level. The main drawbacks of these techniques are their
poor spatial and temporal resolution, which limits them
for providing in-depth descriptions on the molecular
events that occur very quickly."" Researchers, therefore,
use computer simulation techniques, especially molecular
dynamics (MD) simulation, to overcome these challenges.

MD simulations allow researchers to study molecular
interactions and events at an atomic level, providing
a detailed view of the behavior of individual atoms and
molecules. This high resolution allows researchers to
study the molecular mechanisms underlying biological
processes in greater detail than experimental methods
can offer. Also, due to the use of very short time steps,
usually 1-2 femtoseconds, MD simulations can provide
detailed information about fast events such as protein
conformational changes or self-assembly of molecules
which typically occur within the range of a few
nanoseconds to microseconds.'?

This review article begins with a brief overview of
MD simulations and tissue engineering. Then it covers
the use of MD simulations in the study of production
of biomaterials and their structural optimization. We

discuss self-assembly as a highly useful technique in the
production of biomaterials. Self-assembly is the process
by which molecules come together to create multi-
component structures through precise interactions
without the need for external forces and with the help
of environmental factors. Because natural and synthetic
polymer substrates used in tissue engineering are typically
formed by self-assembly, understanding their molecular
dynamics can help create more efficient substrates.'>'
Following that, the adsorption and desorption of
molecules on tissue engineering substrates is discussed.
The surface of cell culture substrates can be functionalized
by attaching various substances for a variety of reasons,
such as enhancing hydrophilicity, boosting cell adhesion
and proliferation, and inducing cell differentiation.
Here, MD simulations play a key role in investigation of
the interaction between these molecules/moieties and
the components of the culture substrate. The use of MD
simulations in drug delivery systems, with a focus on
tissue engineering, has also been reviewed. Finally, we
explored further aspects of tissue engineering from a
molecular perspective, including cell proliferation and
differentiation, using MD simulations. A summary of the
reviewed articles is presented in Table 1.

MD simulation and its applications in biomedical study
The underlying basis of MD simulation is rooted in
Newton’s equations of motion. MD simulation, as a
computational methodology, utilizes these equations
to generate configurations of a molecular system over
time. The simulation begins with an initial configuration
of atoms which can be generated randomly or based on
experimental data. The forces acting on each atom are
calculated based on the interactions between atoms,
which can be modeled using force fields. The simulation
then proceeds by calculating the velocities of atoms and
updating their positions. This process is repeated many
times, allowing the simulation to explore the behavior
of the system over time. The trajectory of a system is the
sequence of atomic positions and velocities over time. The
trajectory can be used to study the behavior of a system
in detail, such as studying the conformational changes
of proteins due to folding and unfolding, the diffusion of
drug molecules out of their carriers, and the structural
changes of biomolecules upon adsorption on material
surfaces, etc.>%

There are numerous MD software available to run
such simulations and typically consist of three main
components: Force fields, main MD program and
auxiliary programs.

A force field is a set of mathematical expressions and
parameters (constants) that correlate the configurations of
asystem of atoms/particles to its energies. Some force fields
use parameters obtained by ab initio quantum mechanics
calculation, while in empirical force fields the parameters
are mostly derived from fitting calculated observables to
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experimental data in physics and chemistry. Despite the
diversity in force fields, they typically consist of two main
parts: equations for calculating bonded energies based on
bond lengths, bond angles and dihedral angles, and those
for calculating non-bonded energies due to electrostatics
and van der Waals interactions? (equation 1).

)+ (E

Etotal = (Ebond length + Ebond angle + Edihedral angle ( electrostatic + van

der Waals

Various force fields may use different functional form
for each of the above energy contributions. For example,
energy changes due to covalent bond stretching can be
modeled using either harmonic potential (Hooke’s law)
or Morse potential, while van der Waals energies can be
calculated using either Lennard-Jones or Buckingham
potentials. Another difference between force fields lies in
their parameter values, such as partial charge of a certain
atom type or bond strength for a certain covalent bond.”

Force fields are developed to capture different aspects
of molecular behavior and vary in their suitability for
specific types of molecules or systems.

For example, COMPASS (Condensed-phase Optimized
Molecular Potentials for Atomistic Simulation Studies) is
a general ab initio-derived force field for MD simulations
of common organic molecules, inorganic small molecules,
and polymers.”’ In the case of biomacromolecules, there
is a group of specialized empirical force fields that are
more accurate in simulating structural and dynamic
features compared to general force fields. These force
field families which include OPLS,*® CHARMM,33
GROMOS* and AMBER?® are parametrized to simulate

Table 1. A brief review of MD simulation studies related to tissue engineering

proteins, carbohydrates, lipids, and nucleic acid
molecules. They are optimized for systems that solely
contain biomacromolecules. However, for heterogeneous
systems containing both biological molecules and non-
biological compounds such as metals, polymers, and
mineral structures, there are derivatives of the mentioned
force fields that can be used for the simulation of the
interactions between different components of the system.
For instance, the INTERFACE force field comprises a
set of parameters well-suited for the MD simulation of
adsorption process of biomolecules on various surface
types.*® Additionally, GAFF (General Amber Force Field)
and CGenFF (CHARMM General Force Field) are two
other force fields that are extensions to the standard
AMBER and CHARMM force fields covering various
kinds of small organic molecules and drugs.

Validation of force fields is an essential step in their
development to ensure their accuracy and reliability.
This includes evaluating whether the simulation results
match the behavior and properties of molecules and
systems in the real world under different conditions. For
this purpose, data on molecular structure, energy and
thermodynamic properties obtained by MD simulations
are compared against those from experimental methods
such as X-ray crystallography, spectroscopy (e.g., NMR)
and calorimetry.* A thoroughly validated force
field that can reproduce laboratory findings with a
suitable accuracy can provide confidence that in similar
conditions its simulation results on different systems are
reliable. It is very important to note that the outcome of
MD simulations is dependent on the initial state of the
system, that is, the starting positions and velocities of its

Authors Aim

Findings

Optimization of
substrate

Haoetal **

Use of experimental and MD simulation methods

to investigate the adsorption and bioactivity of
fibronectin (Fn) on surfaces with varying chemistries
with the ultimate goal of providing insights for the
rational design of fibronectin-activating biomaterials.

Surfaces with -CH3 head groups have strong Fn
adsorption but poor bioactivity, those with -NH2 and
-COOH have efficient Fn adsorption and excellent
bioactivity, and that with -OH groups has poor Fn
adsorption but non-negligible bioactivity. This difference
has been attributed to the amount of exposure of RGD
and PHSRN motifs and the deformation of the protein on
different surfaces.

Huang et al 1

To clarify the adsorption and desorption dynamics of
bone morphogenetic protein-2 (BMP-2) on various
nano-textured hydroxyapatite (HAP) surfaces at the
atomic level, hoping to offer important insights for
creating BMP-2-based tissue engineering implants/
scaffolds

The adsorption strength of BMP-2 on HAP surfaces
increases with the increase of surface roughness. The
adsorption orientation and conformation of BMP-2 on
HAP surfaces are dependent on the surface nano-texture
type.

Raffaini et
a|17

To study how fibronectin type | module adsorbs on
hydrophobic graphite surface and how it changes its
conformation and function

The fibronectin module strongly adsorbs on the graphite
surface due to hydrophobic interactions, losing its native
structure as it spreads on the surface of the graphite

Biswas et al*®

To investigate how two types of cell-adhesion
peptides, RGD and YIGSR, interact with two types of
biomaterial surfaces, hydroxyapatite and TiO2, which
are used for bone and dental implants. The study can
help understand how the peptides can improve the
biocompatibility and functionality of the implant

Both peptides bind to the titanium surface more strongly
than to the hydroxyapatite surface. RGD maintained

its “hairpin”-like structure during adsorption on a HA
surface, and a slightly “relaxed hairpin” structure on TiO2
surface.

Biolmpacts. 2025;15:30160 I3
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Table 1. Continued

Authors Aim Findings
Self-assembly Tekin ¥ To understand the structural properties of peptide The secondary structure that peptides adopt in the
amphiphile (PA)-based cylindrical nanofibers and the nanofiber are mainly random coil and beta sheet. The
factors that play a role in the self-assembly process,  self-assembly of the nanofiber is due to the hydrophobic
which can provide insights for designing novel PA- interactions between VVAG-VVAG parts and electrostatic
based nanomaterials attraction of D-Na+ and E-R

Sunetal® Developing a bioinspired supramolecular nanofiber ~ The sequences with FF motifs were able to form single
hydrogel through self-assembly of biphenyl- aggregates faster and more stable than the others. The
tripeptide for tissue engineering. MD simulations FAF and FGF motifs had more hydrogen bonds within
were used to investigate the self-assembly behavior ~ the molecules, which hindered the hydrogen bonding
of biphenyl-tripeptide in water and to explore the between the molecules, making them more compact and
thermodynamic mechanism involved in the process likely to precipitate.

Lee, etal 2 Investigation of the self-assembly of a peptide Formation of a stable nanofiber in a 40 ns simulation.
amphiphile into cylindrical nanofibers and Epitope sequence IKVAV was located on the surface of
understanding its structure and dynamics. This the nanofiber which is important for promoting neurite
information can be used to better design new sprouting and cell adhesion
nanofiber structures with improved properties.

Cell Shamloo et  To investigate the adhesive characteristics of different Hydrophobic surface of PCL generally led to stronger
proliferation al?? polymer-protein systems using MD simulation protein adhesion and better cell proliferation compared

and to explore their relation to cell adhesion and
proliferation. This information can be used to develop
novel polymer-protein systems with optimized
adhesive characteristics

to PVA, with the exception of albumin subdomain. The
findings also demonstrated a direct correlation between
stronger adhesion of ECM proteins to the surface and
more desirable cell adhesion and proliferation

Cell Mebhralitabar

To investigate how the combination of bioactive and

Comparison between nanofibers made of the

differentiation et al®? nonbioactive alkyl-peptides forms a more stable combination of bioactive and nonbioactive alkyl-peptides
nanofiber structure for differentiating neural stem and that composed of bioactive alkyl-peptides only, it has
cells. been shown that the former is more stable structure and
have a more favorable surface environment for neural cell
adhesion and proliferation. This findings would contribute
to the development of more efficient and effective
scaffolds for neural tissue engineering
Bock et al® Evaluating the mouse mesenchymal stem cells Local breathing dynamics, that is the dynamics of
behavior in response to terahertz radiation. The transient opening and closing of the DNA double helix of
MD simulation used to explore the molecular in the PPARG promoter region DNA occur simultaneously
mechanisms that are involved in the terahertz with the gene-specific response to the THz radiation
radiation-induced cellular reprogramming
Drug delivery Hasani- To understand the interaction between Strong interactions between dexamethasone (Dex)
Sadrabadi microfluidics synthesized chitosan nanoparticles molecules and chitosan (CS) chains, in which significant
et al* and dexamethasone (as modulator of osteoblast) at  role played by van der Waals interactions in the CS-

the molecular level with the aim of optimizing the
design of the nanoparticles for sustained intracellular
delivery of the drug.

Dex system; Also CS functional groups are able to have
hydrogen bonding interactions with Dex drugs

constituent particles.

As a result, to enhance the reliability of simulation
outcomes, one common practice is to conduct multiple
MD simulations with varying initial conditions. If the
results of the simulations do not differ much from each
other, it suggests that the simulation results are robust and
reliable, and that any observed trends or patterns are not
due to random fluctuations or initial conditions.*

There are many different software programs available
for running MD simulations such as GROMACS, NAMD,
CHARMM, AMBER, LAMMPS, Desmond, Materials
Studio, SAMSON, YASARA, etc., some of which are
commercial,and some are free. These software are different
from each other in several ways. 1- Some have a graphical
interface and others have a command line interface. 2- In
terms of the variety of tools needed to analyze the results

as well as other auxiliary tools 3- Supported simulation
methods 4- Types of supported force fields and accordingly
the types of molecules and materials. Among the available
software, the first four mentioned software are more
popular in simulating systems containing biomolecules,
which is due to built-in force fields and specialized analysis
tools. Although these software are primarily developed to
simulate biomolecules, they can also be used for systems
containing non-biological components (e.g., polymers,
metals, minerals, etc.). In such cases, certain tools can
be used to make topology and force field parameters for
the non-biological components of the systems. A notable
example is CHARMM-GUI (https://www.charmm-gui.
org/)**> which can generate input files compatible with
CHARMM force field and suitable for user-selected MD
program(s).

4 | Biolmpacts. 2025;15:30160


https://www.charmm-gui.org/
https://www.charmm-gui.org/

Rahmani et al

Nowadays, high-tech computers and their capacity to
run complicated problems make it possible to use MD
simulation as a routine tool in computational chemistry
and biomedical studies.*

MD simulations surmount experimental constraints
through their capability to access microsecond and
nanometer time and length scales. The full atomistic
representation and dynamic behavior inherent in MD
simulations, for instance, enable the identification of
specific molecular interactions and the comprehension
of how proteins undergo structural changes induced
by binding."" Hence, MD simulations can be used to
provide predictions of biological responses to various
modifications, including mutation, phosphorylation,
protonation, or interaction with other molecules/
materials.*

Biological systems exhibit inherent complexity due to
the presence of various molecules and components such as
proteins, lipids, small organic molecules, etc., that interact
with each other in a complex network. Environmental
factors and unknown variables further increase this
complexity. MD simulation software can be utilized
to simulate the effects of factors such as temperature,
pressure, pH, type of solvent, and ions on various biological
phenomena. However, it is crucial to acknowledge that
MD simulations are merely a representation of reality
that employ certain assumptions and are not perfect.
Moreover, MD simulations are limited to studying small
parts of the system and over relatively short time frames,
rather than encompassing the entire system. In spite of the
limitations associated with MD simulation methods, they
can still offer valuable insights that cannot be obtained
through traditional laboratory methods.

Given the recent advancements in tissue engineering
and the ongoing studies in this field, comprehending the
intricate molecular aspects of the involved components
from both structural and biological viewpoints is of
paramount significance.

Tissue engineering

Tissue engineering is an interdisciplinary research field.
The ultimate goal of research in tissue engineering is
to achieve a dynamic, temporary replacement system
for damaged tissues that can mimic tissue function and
provide requirements for restoring normal tissue function
and homeostasis. There are many functional components
in tissue engineering, however, cells, stimulating factors,
and suitable substrates are generally referred to as the three
main pillars. According to studies, the precise engineering
of components in tissue engineering can determine the
cellular fate and guide it in the desired direction.**
Increasing our understanding at the molecular level
of how biomolecules interact with each other as well as
with non-biological materials such as substrates, and also
understanding the underlying mechanisms of stimuli,
ultimately gives us the ability to have greater control

over the factors influencing cell behavior such as such as
adhesion, proliferation, and differentiation. This enhanced
understanding ultimately enables us to maximize the
efficiency of designed tissue engineering systems.

A variety of cells have been used in tissue engineering,
but stem cells have been studied the most. Stem cells,
due to their unique properties, including the ability to
self-reproduce, multiply and differentiate into other cell
lines, have presented exciting opportunities to tissue
engineering researchers. The functions of stem cells,
including their proliferation and differentiation, can be
adjusted by external chemical, biological and physical
stimuli.*!

Another component of tissue engineering is the cell
substrate. According to prior researches, polymers have
demonstrated significant potential as substrates in tissue
engineering investigations owing to their ability to mimic
the extracellular matrix (ECM) of cells in a compelling
manner. Since cells are restrained in their natural niche
in a protein scaffold called ECM, a structure that can
imitate this natural niche the most is at the center of
attention of many tissue engineering studies. On the other
hand, different features of the scaffold, such as stiffness
and rigidity, porosity, hydrophilicity and hydrophobicity,
and many other properties are involved in determining
cell fate. In tissue engineering, various types of stimuli
are employed to prompt cells to behave in specific ways.
Notably, growth factors and physical stimuli are commonly
utilized, and these can exert a powerful influence on
cellular behavior and fate.”>**

The precise engineering of these components is essential
to guide cellular fate in the desired direction. For cells, it
is important to understand their intrinsic properties, such
as differentiation potential, self-renewal capacity, and
epigenetic regulation. These properties can be influenced
by factors such as culture conditions, growth factors, and
gene transfer. By manipulating these factors, researchers
can induce or inhibit specific cellular fates and functions.™
For stimulating factors, it is important to select the
appropriate type, concentration, timing, and delivery
method for each tissue type and cell type. Different factors
have different effects on cell proliferation, differentiation,
migration, survival, and apoptosis. By optimizing these
parameters, researchers can enhance or suppress specific
cellular responses. Lastly, for substrates, it is important to
design the material properties that match the mechanical
requirements of each tissue type and cell type. Different
substrates have different stiffnesses, deformabilities,
adhesivities, biodegradabilities, and biocompatibilities.
By modifying these properties, researchers can create
or modify specific microenvironments that support or
inhibit specific cellular behaviors.”

Therefore, considering the complexity of tissue
engineering, fundamental studies in the molecular
level hold significance for the detailed investigation of
tissue engineering structures and their interactions in
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determining cell fate. For example, understanding the
interaction of cells with scaffolds and growth factors or
drugs with cells and various cell components are essential
in the optimal design of tissue engineering systems
with high level of precision.”»*® However, achieving this
level of precision is not without challenges. One major
challenge is the variability of cell behavior in response
to different stimuli. Cells can respond differently to the
same stimulus depending on their phenotype, culture
conditions, and environmental cues. An additional
challenge is the complexity of cell-substrate interactions.
Cells adhere differently to various substrates as a result of
differences in surface chemistry, surface topography, and
stiffness, among other factors. Interactions at molecular
level are characterized using a variety of approaches, such
as spectroscopy and, more recently, molecular dynamics
simulation methods, which is a promising technology.*

Fabrication of biomaterials and optimization of structures
In tissue engineering, substrates have been used to
provide the desired space for tissue regeneration during
their temporary operation, promote cell proliferation
and/or differentiation, and allow the entrance and exit
of nutrients, drugs, and other bioingredients.” In other
words, scaffolds and biomaterials should match the
target tissue in terms of shape and be able to temporarily
evoke the function of the target tissue. In bone tissue,
for instance, the scaffold’s spatial shape should be either
extended or wide, depending on the type of bone and the
planned location. Also, from a structural point of view,
the fabricated structure must have the capability to mimic
the characteristics of the bone, including mechanical
resistance, stiffness, tension, etc.®®°!

The proliferation and differentiation of cells in scaffolds
is another aspect that should be considered in biomaterials
design. For example, it has been reported that scaffolds
with high porosity can promote vascularization.*?
Likewise, special attention has recently been paid to
electrically conductive biomaterials in the field of nerve
tissue engineering.***** These and similar examples
demonstrate how crucial scaffold design and biomaterial
optimization are for tissue engineering. In the following,
we discuss the application of MD simulations in the self-
assembly-based fabrication and optimization of scaffold
structures used in tissue engineering.

Polymeric self-assembly

Tissue engineering scaffolds can be fabricated through
both top-down and bottom-up approaches. The bottom-
up fabrication methods are based on self-assembly
processes through which disordered systems with
separate molecules spontaneously turn into ordered
structures via different local interactions.®>* This process
is the underlying mechanism for forming most of the
nanostructures in biological systems, including cell
membranes, the helical structure of DNA, and ribosomes.

Moreover, several other critical biological functions,
such as the interaction of a ligand with its receptor,
depend on self-assembly.”” Self-assembly can be used to
fabricate a variety of nanostructures, such as nanotubes
and nanofibers, using different sorts of components,
including amino acids, oligo- and polypeptides, nucleic
acids, polymers, etc.®* The main forces involved in the
self-assembly process are the attractive driving forces,
repulsive opposition forces, and directional forces. The
balance between attractive and repulsive forces initiates
the formation of self-assembled aggregates (Fig. 1).7°
Given its widespread application in the fabrication of
tissue engineering scaffolds, understanding the self-
assembly molecular details helps in the rational design of
novel and more effective nanostructures. MD simulations
have the potential to facilitate the exploration of the
physicochemical properties of peptides, as well as their
intricate interactions with solvents. It would enable
researchers to investigate the stability of peptide molecules
and how it affects their self-assembling capability, thereby
facilitating the development of functional peptide scaffolds
for tissue engineering.”® Here we have reviewed several
important MD simulations of self-assembled structures
used in tissue engineering.

Peptide amphiphiles (PAs) are a group of materials of
interest for fabricating functional structures through self-
assembly.”! Researchers have used these self-assembling
PAs to fabricate nanofiber structures that can be employed
in different areas of tissue engineering, including forming
blood vessels, wound healing, bone and cartilage
regeneration, and axon regeneration.”

Through atomistic MD simulations, Lee et al
investigated the self-assembly of an IKVAV-bearing
peptide amphiphile into cylindrical nanofibers.”’ They
used the CHARMM force field to relax a bunch of PAs
with cylindrical configurations to observe the formation
of a stable nanofiber in their simulation. The initial
structure consisted of 16 layers, each containing 9 PA
molecules arranged radially, with the alkyl chains oriented
toward the interior of the fiber. Each layer was rotated by
20 degrees in relation to the layer before it, and there was a
5-angstrom gap between successive layers. Simulation was
performed in explicit water in physiologic concentration
of ions and under periodic boundary condition (PBC).
The system was simulated for 40 ns using the NPT
ensemble and Langevin dynamics at a temperature of 310
K and pressure of 1 atm. At the end of the simulation, the
resulting nanofiber demonstrated close alignment with
the laboratory findings regarding both its diameter and
the peptide’s secondary structure. From structural point
of view, they revealed that despite the PAs' similar amino
acid sequences, each PA molecule had its own secondary
structure, including a-helix, p-sheet, turn, and/or coil.
Moreover, they have reported that the epitope sequence
IKVAV is located on the surface of the nanofiber.
Considering that the IKVAV epitope fragment promotes
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Fig. 1. Application of MD simulations in studying the mechanism or predicting the outcome of self-assembly process for the fabrication of various nanostructures
in tissue engineering. In the MD simulation, the important forces involved in the self-assembly process are investigated, the most important of these forces
are attractive driving, repulsive opposition and directional forces. These forces are crucial in the final formation of the structure, which can be in the form of

hydrogel, nanotube, nanofiber, etc.

neurite sprouting and is responsible for cell adhesion, a
crucial process in tissue engineering,”>”* their exposure at
the surface of the fibers is consistent with their intended
design to stimulate neurite growth.

Tekin et al used united atom MD simulations to
investigate the structural properties of various PA-based
cylindrical nanofibers with different arrangements of
PA. The peptide amphiphile (PA) molecule studied
consisted of a hydrophobic alkyl chain (C ) attached
to the N-terminus of peptide sequence VVAGERGD.
To form the nanofibers, layers of PA molecules were
stacked, with each layer featuring PA molecules arranged
radially, positioning the peptide portion outward and
the alkyl portion inward. Various starting structures of
nanofibers were constructed by using different number
of PA molecules per layer to determine the most stable
configuration. The simulations were conducted in explicit
solvent with PBC at 300 K and 1 bar. For peptide and
alkyl segments of PA molecules the GROMOS 53a6 force
field and Berger lipid parameters were used respectively.
GROMACS software version 4.5.6 was used to run 30 ns
or 50 ns simulations in NPT ensemble. They have reported
that among various initial configurations, the 19-layered
nanofiber containing 12 PAs per layer was the most
stable, consistent with experimental findings. Further
investigation showed that random coils and [-sheets
were the most dominant secondary structures formed in
the self-assembled PA molecules, respectively. Moreover,
hydrophobic interactions between the VVAG-VVAG
moieties of the PA molecules and electrostatic interactions
between aspartate and Na+, as well as between glutamate
and arginine, were demonstrated to be the leading forces
of fiber self-assembly. This study elucidated the forces
existing between the components of self-assembled
structure, which can guide the design and development of

more efficient frameworks for specific tissue engineering
purposes.

Hydrogels are another important class of self-
assembling structures in tissue engineering due to their
high similarity to natural extracellular matrix (ECM).”>"¢
Asaresult, many studies have focused on the development
of nanofibrous hydrogels to create novel structures
that mimic the natural ECM.”””® Synthetic polypeptide
nanofibers can support various critical aspects of tissue
engineering, including promoting cell adhesion and
regulating cell behaviors.” It is also possible to enhance the
biological properties of hydrogels by blending them with
functional polypeptides.”” The design of such biomimetic
polypeptide structures requires a better understanding of
tiber formation mechanisms.

Sun et al*® investigated the self-assembly of biphenyl-
tripeptides for the fabrication of nanofiber hydrogels
for tissue engineering. The researchers synthesized six
tripeptides of sequence FFG, FFA, FGE FAE, GFF and
AFFE all conjugated with biphenylacetic acid (BPAA),
to examine their potential to form nanofibers through
self-assembly. The experimental findings revealed that
peptides containing 'FF' blocks were capable of forming
transparent hydrogels, whereas the two other peptides
consisting of BPAA-tripeptide sequences resulted in
precipitation. To better understand the process of
self-assembly in short peptides, MD simulations were
utilized to examine their structural characteristics and
conformational dynamics by simulating the aggregation
of multiple peptides in a single system. For each BPAA-
tripeptide, eight molecular models with random positions
were solvated in simulation box containing physiological
concentration ions. MD simulations were run for 100 ns in
NVT ensemble at 310 K using the NAMD program, with
the merged CHARMMS36 force field applied to describe
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the potential functions of BPAA-tripeptides. The progress
of self-assembling processes was measured by counting the
number of peptides in each peptide aggregate over time.
According to their MD simulation study, the “FF” brick
(phenylalanine-phenylalanine) interactions were the key
drivers for the self-assembly of the nanofibers. However,
excessive intramolecular hydrogen bonds in some of the
peptide sequences (BPAA-FAF and BPAA-FGF) hindered
the formation of intermolecular hydrogen bonds, leading
to compact aggregates and precipitations.

These example studies demonstrate how powerful a
tool MD simulation can be for the detailed investigation
of structural features, such as the position of functional
moieties, as well as the forces governing the self-assembly
process of fibers. This information, which is difficult to
obtain due to the inherent limitations of laboratory studies,
can be used to design more efficient self-assembling fibers
with predefined applications in tissue engineering.

Adsorption and desorption of molecules on substrates
With the introduction of new scientific and technological
disciplines, such as novel drug delivery and tissue
engineering techniques, the use of more complex systems
involving biomolecules and other materials has become
more common. The interaction of biomolecules with
material surfaces can significantly impact the physico-
chemical and biological properties of the materials, which
can then be used to direct a variety of processes in tissue
engineering. Binding of proteins, lipids, DNA components,
etc., to the substrate can also regulate adhesion, migration,
proliferation, and differentiation of cells.

In the case of NPs, the adsorption of proteins on their
surfaces forms complex structures known as nanoparticle-
protein corona (NP-PC), which significantly influence
the biological reactivity of NPs.**#! Previous studies have
shown that the structural arrangement of biomolecules

on NPs can change the biological activity of cells with
which they interact (Fig. 2). Here, the contact surface
characteristics of NPs play an important role in changing
the biological activity of biomolecules.®** Hence, scientists
focus on NP surface design for controlled adsorption of
specific biomolecules for various applications, including
bioimaging and biosensing. Another primary application
of modifying NP surface is to limit the adsorption of
biomolecules, a common strategy to prevent them from
being recognized by the immune system, as has been
shown, for example, with gold NPs (AuNDPs).5*#”

Scientists can achieve precise surface design of materials
to control the interaction with biomolecules by employing
various strategies. For instance, surface modification
techniques involve functionalizing the surfaces of materials
with specialized chemical groups and/or biomolecules
to make customized properties for biomolecular
interactions. Besides, adjusting surface topography down
to the micron and nanometer scales will also determine
biomolecular behavior including cell attachment and
proliferation. Finally, using a bio-mimetic approach that
leads to recreating the extracellular matrix environment
of cells on the surfaces of materials will allow for control
or directing a controlled attachment and proliferation of
specific types of cells.®*

There are different methodologies that are being
explored to tailor biomolecules-materials interactions for
specific tissue engineering applications, given the diversity
of biomolecules and material surface characteristics.
Coating materials with peptides or proteins is a common
strategy for modifying material surfaces to improve their
biological performance. For example, the RGD (arginine-
glycine-aspartic acid) peptide sequence is commonly
used to promote cell adhesion and spreading on material
surfaces due to its high affinity for integrin receptors
on cells.”® As another example, fibronectin coating on

3

DNA

Solid NPs

Proteins

Porous NPs
Modification the:
* Surface of NPs

Oth;; NPs ° Bioactivity of NPs

* Reactivity of NPs

Affect cell’s function ()™

PO

Fig. 2. Different NPs are used in tissue engineering. Adsorption of different biomolecules, including proteins, DNA, and lipids can lead to changes in structure,
reactivity, bioactivity, bioavailability, biocompatibility, and biodistribution of NPs, thereby modifying cells’ function. MD simulation can provide a deep insight
into the interaction between molecules and nanostructures. This information can be used in preparing and optimizing structures in tissue engineering based
on hydrophilicity and hydrophobicity and cell adhesion, which can ultimately affect cell fate.
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implants promotes osteoblast adhesion and differentiation,
which enhances osseointegration.”” As mentioned above,
creating nanostructures or patterns on the material surface
to control the cell-material interaction is another strategy.
For example, nanotopographical features on a substrate
can promote cell attachment and differentiation of human
osteoblast-like cells compared to a flat surface.”

Proper binding of proteins, such as growth factors, to
NP can be critical to their activity. Bone morphogenetic
protein-2 (BMP-2) is a promising osteogenetic protein
in bone tissue engineering that was approved by FDA in
2002 for bone defect reconstruction and spinal fusion.”**¢
One of the main challenges in delivering growth factors
appropriately to the target site is to preserve their
biological activity. Huang et al evaluated the adsorption
and desorption of bone morphogenetic protein-2 on
textured hydroxyapatite surfaces (HAP) by conventional
and steered MD simulation using GROMACS with
the OPLS-AA force field.'* According to their results,
compared to the flat model, the HAP-1:1 model (with
ridges and grooves at a ratio of 1:1) showed more robust
adsorption stability, lower deformation of the BMP-2
molecule upon interaction with the HAP-1:1 model, and
higher stability of cysteine-knots of the BMP-2 dimer on
the HAP-1:1 model, resulting in higher biological activity
of this protein on the HAP-1:1 surface. These findings
highlighted the importance of optimizing the adsorption
of biomolecules on NP for tissue engineering.

The adsorbed biomolecules play a critical role in the
effective implantation and operation of nanosystems in
tissue engineering. Among the biomolecules that are used
in tissue engineering, fibronectin has unique properties
in that it can modulate cell fate and binds to different
biomolecules, e.g., collagen,” fibrin,”® and a variety of
growth factors,” leading to fibrillogenesis and influencing
essential cellular processes.'” Hao et al have provided
mechanistic insights into the adsorption and bioactivity
of fibronectin on surfaces with varying chemistries.”
They used self-assembled monolayers (SAMs) on gold
with methyl (-CH3), amino (-NH2), carboxyl (-COOH),
and hydroxyl (-OH) groups to replicate various chemical
groups found on the surfaces of biomaterials. Fibronectin
was subsequently adsorbed onto the surfaces of SAMs.
Their results indicated that electrostatic interactions
accounted for a considerable portion of the interactions.
In SAMs-NH2, the polar interactions led to tight binding
of Fn in the “side-on” orientation. On the other hand, they
found that the Fn adsorbed on SAMs-CH3 had a poor
ability to promote cell proliferation due to the low solvent
accessible surface area (SASA) of the RGD and PHSRN
motifs as well as the deformation of the protein. However,
efficient adsorption of Fn on SAMs-NH2 and exposure of
its bioactive sites (RGD and PHSRN) were reported to be
the cause of its enhanced bioactivity for cell proliferation,
integrin B1 expression, and osteogenic differentiation."

In another study, Raffaini and Ganazzoli investigated

Fn adsorption on graphite through MD simulation
to elucidate adsorption mechanism of proteins on
hydrophobic surfaces. They demonstrated that the
protein adsorption is quantitatively independent of
the initial orientation of the domain approaching the
surface. Adsorption in its early stages is accompanied by
local rearrangement and possibly the loss of some of the
secondary structures, especially a-helix structures, in the
regions near the surface. After this stage, the protein starts
to unfold and increase its contact with the surface as much
as possible.”

One of the most important aspects of tissue engineering
is cell adhesion to the substrate, which is a vital process
in cell viability, proliferation, and differentiation. Biswas
et al have investigated the hydration and interaction of
cell-adhesion peptides, specifically RGD and YIGSR, with
the hydroxyapatite surface and TiO2 surface through
MD simulation.”® They found that the initial peptide
orientation significantly affects the adsorption energy.
Their results showed that YIGSR adsorption on HA-(001)
surfaces was more robust than that of RGD. However,
the RGD structure has been demonstrated to maintain
its “hairpin"-like structure following adsorption on a flat
HA-(001) surface but adopts a slightly "relaxed hairpin"
structure on the TiO2 (110) surface. They came to the
conclusion that titanium oxide is a good candidate for
tissue engineering in situations where tissue regeneration
occurs through cell signaling because RGD on titanium
oxide has a more favorable adsorption energy than HA
does.

As evidenced by the studies cited above and related
investigations, the interaction of biomolecules with
various material surfaces has a significant effect on their
biological properties. Furthermore, various aspects of
these interactions, such as binding affinity, biomolecule
conformational changes, and so on, depend on the type
of biomolecule, the material surface chemistry, and
topological features. For tissue engineering applications,
the precise surface design of materials allows for greater
control over their interaction with biomolecules (e.g.,
growth factors and adhesion proteins) and, as a result,
better regulation of cell attachment and proliferation.

Drug delivery in tissue engineering
One of the challenges in tissue engineering is delivering
growth factors and other signaling molecules to stem
cells at the site of tissue damage. These molecules
are important for promoting the proliferation and
differentiation of stem cells into specific cell types.
Nanoparticles can be engineered to carry drugs or other
molecules to specific locations in the body. One advantage
of using nanoparticles for drug delivery is that they can be
engineered to release their cargo over a longer period of
time at a given site, which can improve the overall success
of tissue engineering treatments.

Delivering an adequate dosage of a drug to the intended
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tissue while minimizing any accompanying side effects
constitutes a major hurdle in drug delivery systems,
necessitating interdisciplinary collaboration to overcome
it. In drug delivery, different factors must be considered,
including the conditions of the target tissue, such as its
anatomical location, the environmental pH of the target
site, the type of the treatment, such as immunotherapy,
cancer therapy etc., and the DDS targeting strategy.'*'*
Here, molecular investigation of DDs from various aspects
can advance our knowledge to develop more efficient
systems.

Hasani-Sadrabadi et al conducted a study to evaluate
the effectiveness of microfluidic synthesized chitosan NPs
containing dexamethasone (CS-Dex) on the osteogenic
differentiation of mesenchymal stem cells (MSCs). They
investigated the fabricated drug delivery systems by MD
simulation in order to study the interactions of Dex with
the CS NPs. According to their results, Dex molecules
moved toward CS chains at the end of the simulation,
indicating an affinity between Dex molecules and Cs
chains. Energy analysis of intermolecular interactions
(van der Waals and electrostatic), hydrogen bonds, and
radial distribution function (RDF), all indicated favorable
interactions between chitosan strands and Dex molecules.
The authors believed that the strong interaction between
the drug and chitosan NPs was the cause of the high
loading of Dex in the chitosan NPs and its prolonged
release.”

Despite the importance of using MD simulation in
studying drug delivery systems used in tissue engineering,
there are unfortunately very few examples of this type of
research available at present. However, due to the ability
of MD simulation to help us understand the factors that
affect the drug's molecular affinity for the carrier, as well as
various factors involved in drug release, it is expected that
we will see more and more applications of this technique
in optimizing the delivery of drugs and differentiation
factors in the future.

Cell proliferation
Cell proliferation is a process that multicellular organisms
use to increase their cell numbers and replace dead cells.'®
Cell proliferation occurs through a highly organized
process called the cell cycle, leading to the copying of older
cells into newer ones.'”®'”” The whole system's survival is
the primary objective of cell proliferation. Depending on
the requirements of the system, certain groups of cells
proliferate independently from other cells. Of course, some
cells that are already fully differentiated lose their ability
to divide and are unable to participate in this process.
These tissues, such as neural tissue are referred to as non-
dividing tissues. But, the majority of tissues routinely use
cell proliferation to renew themselves, including skin and
bone marrow.'®®

In tissue engineering, cell attachment to the substrate
surface is very important for cell proliferation.'”® An

ideal 3D microenvironment for cell attachment and
proliferation can be created by selecting a scaffold or
substrate with the right combination of surface properties
such as charge, roughness, chemical functionalities, and
hydrophobicity/hydrophilicity.!*!!° For example, in bone
tissue engineering, weak cell adhesion leads to poor
proliferation on the surface of the engineered scaffold,
causing poor incorporation of the implant, infections,
inflammations, and even complete implant failure.'"
The molecular mechanisms of cell adhesion on artificial
materials can be divided into “direct non-receptor-
mediated cell-material binding” occurs through weak
forces, such as hydrogen bonding, electrostatic, polar, or
ionic interactions between various molecules on the cell
membraneand functional chemical groups on the polymers
while “receptor-mediated binding” occurs through ECM
molecules or their parts, such as fibronectin, vitronectin,
collagen, or laminin (Fig. 3)."* Given the importance of
scaffold surface characteristics in determining the quality
of cell attachment and proliferation, understanding the
cell-surface interaction on a molecular scale will greatly
help design suitable scaffolds for tissue engineering.
Shamloo and Sarmadi evaluated the adhesive
characteristic of polymer-protein systems and their
correlation with cell adhesion and proliferation through
molecular dynamics simulation.'”® They calculated the
work of adhesion and peeling force of various biomaterial-
protein systems using MD simulation. These systems
included polycaprolactone (PCL) and polyvinyl alcohol
(PVA) polymers, as well as different ECM protein
fragments like collagen type-I and fibronectin, and

Direct non-receptor-
mediated cell-

material binding ‘

@

Adhesion
proteins

Receptor-mediated -
binding through
ECM molecules

Cell adhesion mechanisms l Improving cell attachment

(
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o

B =

MD simulation of
protein-surface
interaction

Fig. 3. Cell attachment mechanism on scaffolds and improving it through
protein adhesion which leads to enhanced cell proliferation. One of the most
important factors that affect cell proliferation is the surface of cell culture
substrates. Different studies have shown that by surface modification, cell
proliferation can be optimized in tissue engineering based on a defined
goal. To improve cell adhesion and subsequently promote cell proliferation,
substrates modified with proteins can be used, which cause better cell
attachment and adhesion to the surface of the structure.
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two subdomains of human serum albumin (HSA). In
the experimental part of their study, they evaluated cell
proliferation and bonding using bone marrow cells on
PCL/PVA electrospun scaffolds. They compared the
MD simulation results with the experimental findings
to reveal any possible correlation between them. Their
MD findings showed that proteins adhered strongly to
the PCL surface due to its high surface hydrophobicity,
but only one albumin subdomain adhered properly to
the PVA surface. Consistent with these findings, the cell
proliferation assay revealed a higher cell attachment and
proliferation rate on PCL compared to the PVA scaffold.
They therefor concluded that there is a direct link between
stronger adhesion of the aforementioned proteins to the
scaffold surface and cell proliferation.'”® In another study,
they examined the various ratios of PCL and PVA in
greater detail and found that samples with more than 50%
of PCL exhibited stronger protein adsorption, which was
consistent with their simulation results."*

Few studies have been carried out regarding
investigating optimal conditions for cell proliferation
using MD simulation. But it is undeniable that promoting
cell adherence to the tissue engineering substrates is a
crucial element in cell proliferation. Further research is
needed to confirm the efficacy of MD simulations in all
systems, but the aforementioned studies show that it is
possible to use MD simulation to successfully determine
the optimal conditions for cell adhesion to the scaffold
and cell proliferation.

)

Cell differentiation
The primary purpose of tissue engineering is to regenerate
the damaged or destroyed tissue and return it to its
normal function. This means that, components of tissue
engineering need to be optimized so that they can best
stimulate cultured cells to restore function and renew the
host tissue. During this process, stem and stromal cells are
transformed into a specific type of mature cells through
a biological process called cell differentiation. Biological,
chemical, and environmental growth factors are just a few
of the many elements that play a role in this process. Along
with the mentioned factors, ECM also plays a crucial
role in deciding cell fate. In the differentiation process,
extracellular signals are required. Certain factors are
secreted during tissue repair and make their way into the
(ECM) and affect injured sites for tissue formation.'>!'
Given this, it is crucial to investigate, at the molecular
level, how growth factors interact with the intracellular
signaling pathways involved in cell differentiation. Recent
studies have shown that mechanical and physical stimuli
such as substrate pattern, surface hardness, mechanical
properties, and electromagnetic current induction can
effectively determine cell fate and affect differentiation
(Fig. 4). Therefore, it is important to study these stimuli
in great detail in order to fully understand their role in the
differentiation of cells.>*>"* In this part of our review, we
have summarized the studies that used MD simulations to
investigate factors affecting cell differentiation.

The distribution and density of the functional epitopes
on a nanofiber's surface is one of the main determinants

Electromagnetic
radiation

Topo-graphical and
mechanical forces

: /1 physical stimuli
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-

Chemical
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Fig. 4. Different approaches for inducing cell differentiation. Cell differentiation is a very complex process in which different signaling pathways are involved.
Among the most dominant approaches used for cell differentiation, we can mention the use of growth factors or smaller molecules, which under controlled
conditions leads to cell differentiation into a specific type. Also, the cells’ ECM, which as an organic structure keeps cells in their natural niche, has emerged
as an important factor in the process of cell differentiation; Therefore, today in tissue engineering, most of the researches are directed towards 3D substrates
that provide a 3D space similar to a cell niche for cell differentiation. Also, the use of physical stimulation, including electrical stimulation, has been used in
research to differentiate cells, although their mechanism is not exactly known, but it is mostly attributed to ionic changes inside the cell.
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of how well it can promote cell differentiation, albeit
this parameter may also have an impact on the fiber
stability. Mehralitabar et al have shown the effect of this
factor through MD simulation of a fiber made of the
alkyl-peptides containing the epitope (FAQRVPP) that
is effective in differentiating neural stem cells.”? They
have compared the stability of two fiber structures in the
forms of “all functionalized” nanofiber (containing only
bioactive alkyl-peptides) and “distributed functionalized”
nanofiber (a combination of non-bioactive and bioactive
alkyl-peptides with a ratio 2:1). According to their results,
the fully functionalized fiber had an unstable structure
that broke up into micelle-like structures to reduce the
steric hindrance between functional epitopes. In contrast,
the nanofiber with distributed functional epitopes
exhibited an integrated, stable structure containing a
greater number of beta sheets that were neatly ordered
and oriented around the hydrophobic core. Furthermore,
the involvement of hydrophobic contacts in the formation
of the alkyl-chain core, as well as that of hydrogen bonds
and electrostatic interactions in the stability of the fiber
structure, were also demonstrated in this simulation. The
authors emphasized the application of MD simulation in
the development of more effective nanofiber scaffolds for
tissue engineering with various purposes.

Onetypeofphysicalstimulusthatcanbeusedtoaccelerate
the process of cell differentiation is electromagnetic
radiation. Terahertz radiation (THz) is present in the
environment as part of the solar spectrum. Its energy
level is within the range of hydrogen bonds, van der Waals
interactions, and charge-transfer reactions associated
with the molecular motions of biological molecules.!”- !
Bock et al* have evaluated the effect of terahertz radiation
on stem cell reprogramming. According to this study's
experimental section, the terahertz irradiation promoted
stem cell differentiation toward an adipose phenotype.
The underlying mechanisms have been attributed to
the activation the transcription factor peroxisome
proliferator-activated receptor gamma (PPARG). PPARG
encodes a nuclear receptor protein belonging to the
peroxisome proliferator-activated receptor (Ppar) family,
a ligand-activated transcription factor that regulates
adipocyte differentiation.'”® They used MD simulation
to investigate the possibility of a connection between
terahertz radiation and PPARG. Their results showed that
the local breathing dynamics, that is, the dynamics of the
transient opening and closing of the DNA double helix
in the PPARG promoter region, occur simultaneously
with the gene-specific response to the THz radiation.
These findings suggest that the terahertz radiation can
modulate the DNA structure and accessibility, and thus
affect the gene transcription. The authors propose that
this mechanism may explain how terahertz radiation can
induce cellular reprogramming.

The mechanical and phase transition of the scaffold
can affect cellular fate, including proliferation and

differentiation.'” Developing a new ECM-like scaffold
with favorable mechanical properties can be essential
for tissue engineering. To the best of our knowledge,
there is only one MD study that has evaluated the phase
transition effect of ECM on cell differentiation. James et
al used MD simulation to investigate a designed laminin-
mimetic, elastin-like fusion protein as an artificial ECM.
They specifically analyzed the temperature dependent
structural/physical behavior of a candidate chimeric
protein that contained a laminin globular-like (LG)
domain joined to an elastin-like polypeptide (ELP). They
reported that the fabricated ELP region constructed using
the repeat sequence (VPGXG) tends to be completely
flexible and can turn into P-rich secondary structures at
temperatures in the physiological ranges (310-315 K). It
is well known that the secondary structural features of a
peptide correlate with the mechanical properties (density,
stiffness, etc.) of peptide-based hydrogels. Also, due to
the tendency of the ELP region to adopt B-rich secondary
structure which affects its differential solvation, it has
been proposed that altering its sequence can be used to
systematically change the phase transition characteristics,
and hence the overall functioning of this fusion protein.'?'
ELPs are involved in the proliferation and differentiation
of various types of cells and can be used as cross-linked
gel fibers or injectable scaffolds for tissue engineering.'?
Given the effect of ELPs on cellular fate, MD simulation’s
ability to predict some required and expected features of
scaffolds can help improve tissue engineering outcomes.

In this section, we discussed the application of MD
simulation to the study of the connection between tissue
engineering elements and cell differentiation using some
illustrative examples. In this regard, the use of simulations
to understand the location and structure of nanofiber
functional groups, the molecular basis of physical stimuli,
and the prediction of ECM's mechanical characteristics
was discussed. Despite the great importance of controlling
the cell differentiation process in tissue engineering, few
simulation studies have been done on this topic. Since
varjous physical, chemical, and biological processes are
involved in cell differentiation, there is a lot of room for
MD studies in the field. Among them, we can highlight the
study of the interaction of natural or engineered growth
factors with the scaffold and cell receptors, as well as the
role of the physicochemical characteristics of the substrate
in the activation of molecular mechanisms involved in the
process of cell differentiation. Also, due to computational
and time constraints, MD simulation studies can be
combined with in vitro studies to aid the investigation of
the processes involved in cell differentiation.

Concluding remarks

The present work was conducted to review the applications
of molecular dynamics simulation in tissue engineering
studies. To the best of our knowledge, this study is the first
ofitskind, which is its strength. The authors tried to review
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the key aspects of tissue engineering that can be studied
using MD simulations. A summary of the reviewed articles
is shown in Table 1. We began this study by providing an
overview of tissue engineering, its main components,
and the necessity for developing such novel approaches
when dealing with human disease, abnormalities, and
defects. Following that, we covered the fabrication and
optimization of nanostructures through self-assembly
and adsorption processes, respectively. The significance
of molecular dynamics simulation for studying the forces
regulating the self-assembly process and predicting
various aspects of self-assembled structures was explored.
In addition to this, we investigated the adsorption of
biological components on the substrates from the point
of view of tissue engineering and reviewed the research
that has been conducted in this area. Collectively, the
results of such studies demonstrate the capability of
MD simulations to predict and compare the binding
strength of biomolecules used in tissue engineering, as
well as to investigate the effect of the substrate's physical
and chemical properties on the biological activity of
these molecules. The use of MD simulation in the
investigation of some effective factors in cell attachment
to the substrate, an important factor in cell proliferation,
was reviewed. There were few studies available regarding
cell proliferation but it is clear from the reviewed studies
that MD simulations can reliably predict the relationship
between protein binding strength and substrate surface
hydrophobicity, which is crucial for cell attachment and
proliferation. Hence researchers can use MD simulation
as a tool to predict ideal substrates to stimulate cell
proliferation. Finally, we reviewed the use of MD
simulation in cell differentiation studies, looking at topics
such as the effect of physical stimuli (such as terahertz
waves) on differentiation and the role of simulation in
assisting the design of engineered ECM with suitable
physical characteristics for cell differentiation. It should
be acknowledged that this study had some limitations, the
most important of which is the lack of sufficient studies in
this field and their dispersion, which makes it challenging
to group the studies and assign them to a relevant topic.
There are many gaps in our knowledge regarding the basic
molecular event in cell interaction with substrates or its
microenvironment. In addition, the precise mechanisms
by which different surfaces guide cells to a specific fate are
still not well understood. This is where MD simulation
can be used to answer these questions. Based on this,
the MD simulation method’s capabilities can greatly aid
in the design of more efficient substrates, better control
of differentiation processes, and overall improvement of
tissue engineering practices. There are some challenges in
the application of MD simulations in tissue engineering.
MD simulations require a large number of computational
resources and time to simulate complex biological systems
with realistic details and accuracy. This problem is more
pronounced in the case of simulations related to tissue

Review Highlights

What is the current knowledge?

v The use of MD simulations to understand time-dependent
behavior of systems at the molecular scale

v The application of MD simulations in drug design, protein
engineering, etc.

What is new here?

 Using MD simulations to predict the interaction between
biomolecules and material surfaces

Y Using MD simulations to understand substrate properties'
impact on cell attachment and proliferation.

v Using MD simulations to understand the molecular
mechanism of cell differentiation stimuli.

v Capabilities of MD simulations in designing ideal substrates
for tissue engineering.

engineering, because here the systems are larger and
have more components. One way to increase the speed
of calculations is to use coarse-grained models which
simplify the representation of the atoms and molecules in
the system by grouping them into larger units or beads.
This reduces the number of degrees of freedom and the
complexity of the interactions, allowing for longer and
larger simulations. Another challenge is the lack of special
force fields for such simulations. It is challenging to
develop and validate force fields that are suitable for tissue
engineering applications, such as modeling biomaterials,
bioactive molecules, or cell-biomaterial interactions. To
overcome this challenge, researchers are developing more
accurate force fields, using machine learning methods or
experimental data to optimize the force field parameters.
Apart from technical challenges in simulations, our
understanding of the intricacies of cellular processes such
asadhesion, proliferation, and differentiation is incomplete
at present. Without a comprehensive understanding of
the interplay between different molecules and molecular
pathways that underlie cellular behavior, it is impossible
to accurately predict how cells will respond to different
environmental factors through simulation. As scientific
knowledge expands and we gain a more detailed picture
of the molecular-level events that take place within cells,
we can expect significant progress in the development of
molecular simulations for tissue engineering applications.
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