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DESCRIPTION
Single-molecule biophysics techniques have revolutionized the 
study of biological systems by enabling researchers to analyze the 
behavior and properties of individual molecules rather than 
ensemble averages. These methods provide detailed insights into 
the dynamics, interactions and conformational changes of 
biomolecules, offering a more understanding of complex 
biological processes.

Core principles of single-molecule studies

Traditional biochemical techniques typically measure properties 
of large populations of molecules, averaging out individual 
variations. Single-molecule techniques, by contrast, allow for the 
observation of molecular heterogeneity and transient states that 
might otherwise remain obscured. These methods often depend 
on highly sensitive detection systems capable of resolving signals 
from individual molecules against background noise. The core 
advantage of single-molecule techniques lies in their ability to 
directly observe molecular events in real time, providing 
unprecedented resolution of dynamic processes such as protein 
folding, enzyme activity and molecular motor function.

Techniques in single-molecule biophysics

A variety of methods are employed in single-molecule biophysics, 
each suited to specific types of measurements.

Fluorescence-based techniques: Fluorescence is a widely used 
tool in single-molecule studies. Molecules are tagged with 
fluorescent markers and their behavior is observed under a 
microscope.

single-molecule Fluorescence Resonance Energy Transfer (smFRET): 
smFRET measures distances between two fluorescent labels on a 
molecule, providing insights into conformational changes and 
interactions. This technique is particularly useful for studying 
protein folding, DNA-protein interactions and enzymatic 
processes.

Total Internal Reflection Fluorescence Microscopy (TIRF): TIRF 
enables visualization of molecules near a surface, reducing 

background fluorescence and improving signal clarity. It is often 
used for observing molecular motors and membrane-associated 
processes.

Optical tweezers: Optical tweezers use focused laser beams to 
manipulate individual molecules, such as DNA strands or motor 
proteins and measure the forces they generate or experience. 
This technique has been instrumental in studying mechanical 
properties of biomolecules and their interactions with other 
molecules.

Atomic Force Microscopy (AFM): AFM employs a sharp probe 
to scan surfaces and measure forces at the single-molecule level. 
It provides topographical images and allows for the measurement 
of molecular interactions, elasticity and unfolding pathways.

Magnetic tweezers: Magnetic tweezers use magnetic fields to 
apply torque and forces to molecules, such as DNA or proteins. 
This technique is valuable for studying the mechanical 
properties of biomolecules and their response to applied stress.

Patch-clamp techniques: Patch-clamp methods measure ionic 
currents through single ion channels in membranes. This 
approach has been critical in understanding the biophysical 
properties of ion channels and their role in cellular function.

Nanopore sequencing: Nanopore techniques involve threading a 
single molecule, such as DNA or RNA, through a nanopore and 
measuring changes in ionic current. This method is used for 
sequencing and detecting molecular interactions.

Applications of single-molecule biophysics

Protein dynamics: Single-molecule studies reveal the folding 
pathways, conformational changes and interactions of proteins 
with unusual detail. These insights are essential for 
understanding diseases caused by protein misfolding, such as 
Alzheimer’s Disease (AD) and Parkinson’s Disease (PD).

Molecular motors: Single-molecule techniques have been 
instrumental in characterizing motor proteins such as kinesin, 
myosin and dynein. These studies have provided insights into 
their stepwise motion, force generation and energy transduction 
mechanisms.
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Drug discovery: Single-molecule methods are increasingly 
applied in drug discovery, allowing researchers to observe how 
individual molecules interact with potential therapeutic 
compounds. This approach improves the understanding of drug-
target interactions and can aid in optimizing drug candidates.

Membrane biology: Techniques like TIRF and patch-clamp 
methods are widely used to study processes occurring at cellular 
membranes, including ion transport, receptor-ligand interactions 
and membrane dynamics.

CONCLUSION
Single-molecule biophysics techniques have opened new avenues
for studying the fundamental processes of life at an unusual
level of detail. By focusing on individual molecules, researchers
can open up dynamic behaviors and properties that are often
hidden in ensemble measurements. As technology continues to
advance, these methods will play an increasingly important role
in addressing questions in biology, medicine and beyond.
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