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ABSTRACT

KEYWORDS

Molecular motors are biomolecular machines that convert chemical energy
into mechanical ~work, playing critical roles in various cellular processes and
offering transformative potential for nanotechnology. This review paper explores the
diverse synthesis methods of molecular motors, including natural extraction from
organisms, advanced genetic engineering techniques, and innovative chemical
synthesis approaches. By highlighting recent advances in these techniques, we
emphasize how they facilitate the production of motor proteins with tailored
properties and enhanced functionality. We discuss the significant impact of
molecular motors on the field of nanotechnology, focusing on their applications in
targeted drug delivery systems, nanoscale assembly of materials, and the
development of biomimetic structures that mimic natural processes. Additionally,
we examine how molecular motors are being integrated into synthetic biology,
opening new pathways for innovative therapeutic strategies and bio
manufacturing processes. Furthermore, this review addresses the prospects for
molecular motors, including advancements in their design and scalability, as well as
the exploration of novel functionalities that may revolutionize biotechnological
applications and nanoscale engineering. Emerging technologies, such as the
incorporation of molecular motors into smart materials and systems, are poised to
push the boundaries of what is achievable at the nanoscale. This comprehensive review
aims to provide insights into the current state and future directions of molecular
motors, underscoring their significance in the convergence of biology,
nanotechnology, and material science, and highlighting their potential to drive
innovations across various scientific disciplines.
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INTRODUCTION development at the intersection of chemistry,

biology, and nanotechnology. Inspired by
biological motors such as ATP synthase and

Molecular motors, nanoscale machines capable kinesins, synthetic molecular motors have seen
of converting chemical energy into mechanical rapid advancements over the past few decades.
work, represent a ground breaking Their unique ability to perform controlled,
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directional motion at the molecular level has
sparked interest in numerous scientific fields,
including materials science, medicine, and
molecular engineering. This review explores the
innovative synthesis methods developed to
construct molecular motors, from early designs
based on rotational and oscillatory
mechanisms to more complex architectures
that mimic biological efficiency. We discuss how
advances in organic chemistry, photochemistry,
and supramolecular design have enabled the
creation of more sophisticated and functional
molecular motors.

Furthermore, the paper highlights key
applications in areas such as drug delivery,
nanorobotics, and the development of responsive
materials, illustrating the transformative
potential of these nanoscale machines. Finally,
we address the future prospects of molecular
motor technology, considering the challenges in
scalability, energy efficiency, and integration into
real-world systems. By evaluating both the
successes and ongoing hurdles in this field, this
review provides a comprehensive overview of
how harnessing molecular motors could pave the
way for revolutionary breakthroughs across
multiple scientific and industrial domains.

TYPES OF MOLECULAR MOTORS

Molecular motors are specialised proteins that
convert chemical energy, typically from ATP
hydrolysis, into mechanical work. They are
responsible for various movements within cells
and across a range of biological systems. Here
are the main types of molecular motors:

Myosin

Myosin is primarily involved in muscle
contraction, cytokinesis, and intracellular
transport. Myosin motors “walk” along actin
filaments in a unidirectional manner. Myosin II
(in muscle cells) is the most well-known, but
other forms, such as Myosin V and Myosin VI,
are involved in cargo transport within cells.
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Figure 1: Myosin filament

Kinesin

Kinesins are responsible for moving cargo
along microtubules, such as vesicles,
organelles, and chromosomes during cell
division. They typically move toward the plus
end of microtubules, directed outward from the
centre of the cell. Examples of kinesins are
Kinesin-1 (cargo transport), Kinesin-5 (spindle
dynamics in mitosis).
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Figure 2: Kinesin structure
Dynein

Dynein is involved in intracellular cargo
transport, mitotic spindle positioning, and the
movement of cilia and flagella. Dyneins move
toward the minus end of microtubules, directed
toward the cell’'s centre. Examples of
dyneins are Cytoplasmic dynein (intracellular
transport), axonemal dynein (cilia and flagella
movement).
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Figure 3: Structure of dynein
ATP Synthase

ATP  synthase is crucial in energy
production, synthesising ATP during cellular
respiration and photosynthesis. Movement: It
operates as a rotary motor, using the proton
gradient across membranes to drive the
synthesis of ~ ATP from ADP and inorganic
phosphate [5]
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Figure 4: ATP synthase structure
RNA/DNA Helicases

Helicases are responsible for unwinding nucleic
acids (RNA or DNA) during replication,
transcription, and repair. They move along
nucleic acid strands, powered by ATP
hydrolysis, separating strands in a directional
manner. DNA helicase (replication fork
unwinding). [7] RNA helicase (ribosome

assembly) are the molecular motors found
naturally.

ATP binding motifs

Hexameric structure of DNA helicase

Figure 5: Illustration of DNA helicase

Flagellar Motors

Flagellar motors drive the rotation of bacterial
flagella, enabling bacterial movement (motility).
The motor rotates, driven by the flow of protons
or sodium ions across the membrane. Examples
are Bacterial flagellar motor (e.g., in E. coli).
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Figure 6: Flagellar motor
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ClpX/ClpP Protease

This motor protein unfolds damaged or
misfolded proteins for degradation. ClpX utilises
ATP hydrolysis to mechanically unfold protein
substrates and feed them into the ClpP protease
for degradation [6].

ClpX

chaperone/
\ | — unfoldase/
y traslocase

ClpP
proteolysis

Figure 7: Structure of ClpX/ClpP Protease

EXTRACTION, SYNTHESIS AND
MODIFICATIONS OF MOLECULAR
MOTORS

Natural Extraction

Any muscle cells and even glial cells contain
myosin filaments which are naturally occurring
molecular motors. These myosin filaments
slide over actin filaments in the muscle cells
in our body. They can be extracted from the
tissue samples by protein purification methods
from clonal glial cells [1] through Cell Lysis
and Freezing in a buffer containing 0.3 M K],
0.2 mM ATP, 1 mM dithiothreitol, and 50 uM
PIPES at pH 6.8, following thawing
centrifugation, gel filtration and precipitation.
Another method of actin myosin extraction as
shown by Carlos Hidalgo [2], we sever the actin

filaments using Ca?* jonsand then differential
centrifugation followed by characterisation. All
the above methods focus on extraction and
characterisation of the naturally occurring
molecular motor myosin. The actin and myosin
work conjugately to bring about movement, as
proposed by “the sliding theory” by A.F Huxley
[3].

myosin

Figure 8: A sarcomere, a single unit of muscle
fibre Created in BioRender.com

Figure 9: Electron microscopic imagery of a
Sarcomere

Genetic Engineering mediated modification

Recent advancements in genetic engineering
have facilitated us to modify the existing
molecular motors to meet new ends. There is
a study that focuses on developing inhibitable
kinesin-1 motors by using biarsenical dyes
(FIAsH and ReAsH) to bind tetracysteine (TC)
tags inserted into specific surface loops of
the kinesin motor domain [8]. Testing on
Drosophila and mammalian kinesin-1 motors
showed that inserting TC tags into loops L1
or L2 allowed normal motor function without
the inhibitor, but motor activity was inhibited in
the presence of the dye. This approach was
refined for the Rattus norvegicus kinesin-1 motor
to create a controllable system.
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Figure 10:

There is a process that uses an engineering
technique to  modify  kinesin = motor
processivity by altering the charge of its neck
coiled-coil region [9]. By introducing mutations
that increase or decrease the positive charge of
this region, they were able to create kinesin
motors with enhanced or reduced processivity.
Specifically, they created ultra-processive
mutants by adding positive charges, which
improved the electrostatic interaction between
kinesin and the negatively charged COOH
terminus of tubulin. This interaction acts as an
electrostatic tether, enhancing the motor's

processivity during movement along
microtubules
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Figure 11:

Chemical Synthesis

Chemical synthesis provides a versatile platform
for creating synthetic molecular motors with
precisely defined properties. Techniques such as
peptide synthesis and DNA origami have been

employed to construct molecular motors that
mimic the functionality of natural counterparts.
One of the key advancements in chemically
synthesising DNA  polymerases involves
creating mirror-image enzymes, like the L-
form of Pfu DNA polymerase. Researchers have
synthesised these mirror-image enzymes from D-
amino acids, which are the opposite of the
naturally occurring L-amino acids in proteins.
This method allows for the creation of molecular
tools that can help in storing genetic information
in novel forms, such as L-DNA, which has
potential applications in molecular biology and
data storage [9].

In some cases, molecular motors are conjugated
with peptides to assess their interactions with
biological molecules like DNA. This has led to
the exploration of DNA-binding properties,
allowing molecular motors to be integrated into
biological processes [10]
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Figure 12: One example of chemical synthesis of
racemic molecular motors

MECHANISMS OF ACTION

Molecular motors operate through a series of
conformational changes triggered by ATP
hydrolysis. The mode of action of molecular
motors, such as kinesin, myosin, and dynein,
typically involves the conversion of chemical
energy, often from ATP hydrolysis, into
mechanical work. These motors use chemical
energy to move along cytoskeletal filaments (like
microtubules or actin filaments) within cells [1]
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Kinesin and dynein move along microtubules,
with kinesin usually moving toward the plus end
(away from the cell centre) and dynein toward
the minus end (toward the centre). These motors
work by hydrolyzing ATP to induce
conformational changes that allow them to
"walk" along the microtubules, transporting
cargo like vesicles or organelles.

Myosin, on the other hand, moves along actin
filaments and is essential in muscle contraction
and cell movement. Myosin converts the
chemical energy from ATP into mechanical force
by interacting with actin filaments in a cyclic
process of attachment, power stroke, and release.

Artificial molecular motors workings are
explained as follows:

Ratchet Mechanism: Artificial molecular motors
use energy ratchets or information ratchets to
achieve directional movement. In an energy
ratchet, the movement is driven by modulating
the potential energy surface, allowing
Brownian motion to push the system in a
specific direction. In information ratchets, the
position of the motor components influences
energy barriers, facilitating directional transport.

Translational and Rotational Motion: The paper
discusses both translational molecular motors,
like small-molecule walkers, and rotational
motors, such as catenanes and rotaxanes.
Translational motors mimic biological walkers,
moving directionally along a molecular track by
exploiting dynamic covalent chemistries.
Rotational motors use interlocked molecular
components that rotate around one another
via energy-driven cycles, often powered by light
or chemical stimuli.

Autonomous and Repetitive Motion: To
function as effective motors, the artificial
systems  must exhibit repetitive and
autonomous motion, continuously cycling
through steps of movement without external
intervention as long as energy (chemical fuel
or light) is available[12].

When comparing a photochemically driven
rotary motor with a chemically driven one, their
operational mechanisms reveal key differences.
The light-powered motor, with a double-bond

rotary axle, undergoes 360° unidirectional
rotation in a four-step process involving two
photochemical E-Z isomerizations followed by
rate-determining thermal inversions. The
photochemical steps are energy-intensive
(uphill), while the thermal inversions release
energy (downhill), guided by the motor’s chiral
structure. In contrast, the biaryl-based chemically
driven motor uses asymmetric catalysis to
stereoselectively cleave the lactone, controlling
directionality. Steric effects prevent random
rotation, with direction controlled through
sequential ~ protection/deprotection  steps,
powered by chemical fuels. Recent
advancements focus on improving control and
dynamics, with molecular walkers, chemical-
fueled motors, and near-perfect rotary
motors being reported [13].
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Figure 13:

Organization of rotary motors in one, two and
three dimensions. (a) Molecular motor
functionalized supramolecular Cu(I) helicate, (b)
molecular motor controlling the twist sense of
polyisocyanates, (c) motorised nano car on a
copper surface, (d) amphiphilic molecular
motors forming responsive nanoscale assemblies
in water, (e) liquid crystal doped with molecular
motor, (f) motorised metal organic framework,
(g) molecular motor functionalized gold surface,
for control of wettability, and (h) artificial muscle
built up by hierarchical self-assembly of
amphiphilic molecular motor.

APPLICATIONS

Molecular motors are nanoscale machines that
convert chemical energy into mechanical work,
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enabling movement within biological and
synthetic systems. Their unique ability to operate
at the molecular level has led to diverse
applications. In biomedicine, molecular motors
are used for targeted drug delivery, improving
treatment precision and minimising side effects,
especially in cancer therapy. They also play a
vital role in nanoscale sensing and detection,
enabling high sensitivity in biosensors and
environmental monitors. In materials science,
molecular motors drive the development of
smart materials that can respond to external
stimuli, such as light or temperature, for
innovative  applications  like  self-healing
polymers.[14][15]

Bio-manufacture: Molecular machines bring
transformative capabilities to synthesis and
catalysis, revolutionising chemistry. These
nanoscale devices provide unmatched precision
and control, unlocking new synthetic pathways
and catalytic processes. In synthesis, they enable
the construction of complex molecules with high
efficiency and selectivity, even facilitating the
creation of intricate structures that were
previously inaccessible. This holds great promise
for the pharmaceutical industry, where precise
synthesis of bioactive compounds is crucial. In
catalysis, molecular machines act as highly
selective catalysts, enhancing reaction rates and
reducing waste, supporting more sustainable
chemical practices.

Drug delivery and personalised medicine:
Molecular machines have opened new horizons
in biomedical research, particularly in drug
delivery systems. These tiny devices offer
exceptional precision in targeting specific cells or
tissues while minimising side effects. They
navigate biological systems with remarkable
accuracy, delivering drugs directly to diseased
cells, which maximises therapeutic efficacy while
minimizing damage to healthy tissues. This is
especially promising for cancer therapy, where
molecular machines can target cancer cells
selectively, reducing the adverse effects
associated with traditional treatments.

Sensory action: Molecular machines are also
crucial in sensing and detection technologies.
They offer high sensitivity and specificity in
identifying target molecules or environmental

signals. These machines can be engineered to
detect specific molecules, generating measurable
responses such as changes in fluorescence or
electrical conductivity, which makes them ideal
for biosensing, environmental monitoring, and
analytical applications.

Nanotechnology: The role of molecular
machines in smart materials and nanotechnology
is paving the way for innovative developments.
These devices are integral in creating materials
that can adapt to environmental stimuli, such as
light, temperature, or pH changes. This
adaptability allows for the design of materials
with unique properties, such as self-healing
polymers, shape memory alloys, and stimuli-
responsive coatings, which respond dynamically
to external conditions, enhancing the
functionality of nanotechnology applications.

CHALLENGES AND FUTURE DIRECTIONS

The future applications of molecular motors are
expected to significantly impact fields such as
nanotechnology, medicine, and materials
science. As research progresses, these tiny
machines, which convert chemical energy into
mechanical work, are likely to play a key role in
developing autonomous systems with real-world
applications. In biomedicine, molecular motors
hold immense potential for drug delivery
systems. Future advancements could enable
molecular motors to deliver drugs with
unprecedented precision, targeting specific cells
or tissues, and thus minimising side effects.
For example, molecular motors could be
engineered to cross biological barriers, such as
the blood-brain barrier, and deliver therapeutics
to otherwise inaccessible areas of the body. This
would be a game-changer for treating diseases
like cancer or neurodegenerative disorders,
where targeted therapies are crucial for
success [13] [16]. In the field of
nanotechnology, molecular motors may be
integral to the development of nanorobots.
These nanorobots could perform tasks like
repairing cells, assembling complex structures,
or diagnosing diseases at the molecular level.
Such applications could revolutionise
diagnostics, tissue repair, and regenerative
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medicine, creating a new class of medical tools
capable of interacting directly with human
cells on a molecular scale. Autonomous
molecular motors could also be wused to
assemble and manipulate nanostructures for a
range of industrial and scientific purposes,
enabling the creation of new materials and
devices that can dynamically respond to
environmental stimuli [12]. Another promising
future application lies in the development of
smart materials. Molecular motors embedded in
materials can provide responsiveness to external
triggers such as light, temperature, or pH. These
materials could have self-healing properties,
adjust their mechanical properties in real-time,
or change their shape or texture inresponse to
environmental changes. Applications could
range from  self-repairing surfaces in
transportation and infrastructure to adaptive
clothing and responsive medical implants. [16].
Additionally, the energy sector could benefit
from molecular motors. There is ongoing
research into utilising these motors in
nanoscale energy-harvesting systems, which
could convert light, heat, or chemical gradients
into usable mechanical energy. This could
pave the way for molecular-scale devices
that power themselves autonomously,
contributing to the advancement of
nanotechnology = and  sustainable energy
solutions.

Overall, the future prospects of molecular motors
are vast, and as their design and control become
more sophisticated, they are poised to
revolutionise multiple industries. Conclusion

In Harnessing Molecular Motors: Innovations
in Synthesis and Applications, we explored the
rapid advancements in molecular motor
synthesis and their broad-ranging applications.
These nanoscale machines, inspired by
biological motors, offer unprecedented control
over molecular motion, opening new frontiers in
drug delivery, nanotechnology, and the creation
of smart, responsive materials. The potential to
design autonomous systems capable of
converting chemical or light energy into
mechanical work is pushing the boundaries of
scientific innovation. As research in this field
progresses, the future holds exciting possibilities

for integrating molecular motors into functional
materials and devices, transforming industries
from healthcare to sustainable energy. The
continued refinement of motor design and
control mechanisms will be key to unlocking
their full potential in practical, real-world
applications.
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