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One of the most rapidly developing areas of modern biophysics is molecular and cellular
biophysics, which focuses on the study of biological processes at the level of macromolecules
and subcellular structures. Methods used include molecular spectroscopy (Fourier-IR, Raman,
EPR, NMR), X-ray diffraction analysis, fluorescence microscopy, atomic force microscopy, and
cryo-temperature electron tomography.

Of particular importance is the study of proteins: their tertiary and quaternary structure, folding
dynamics, interactions with ligands, and the mechanical properties of protein complexes. Nucleic
acids (DNA, RNA) are also an important subject, for which the processes of supercoiling,
replication, transcription, and recombination are studied from the perspective of polymer physics
and random walk theory.

The use of biophysical models allows for the quantitative description of biochemical reactions
occurring in cells, including the kinetics of enzymatic processes, cooperative effects, and
allostery. The theory of steady and non-steady states in chemical kinetics, including the Michael-
Menten equations and their generalizations, plays an important role.

Biophysics of membranes and ion transport

Cell membranes are a key object of biophysical analysis. Lipid bilayer models are used,
including phase transitions and fluctuations. Membranes are considered two-dimensional fluids
with defined viscosity, surface tension, and elasticity.
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Particular attention is given to membrane channel proteins and transporters. Their conductance,
selectivity, and regulation are studied. The Nernst-Planck and Goldman-Hodgkin - Katz
equations are used to describe the electrochemical potential of ion transport.

Electrophysiological methods (in particular, patch-clamp) are employed to record currents
through individual channels.

Models of diffusion, osmosis, and passive and active transport are also being developed,
including descriptions using the Smoluchowski and Fokker -Planck equations. Complex
biophysical processes, such as excitation and propagation of nerve impulses, are described using
the Hodgkin -Huxley model and its simplifications.

Biophysics of sensory systems

The biophysics of vision, hearing, olfaction, taste, and tactile sensations is a field that integrates
the molecular, cellular, and systemic levels. It focuses on the conversion of physical stimuli
(photons, sound waves, odorant molecules) into electrical signals.

The biophysics of vision studies photochemical processes in retinal photoreceptors, the structure
and functions of rhodopsin and other opsins, and intracellular signal transduction cascades. The
processes of photoreceptor activation, signal amplification, and adaptation are described.

The biophysics of hearing covers the mechanics of the inner ear, including the micromechanics
of the basilar membrane, hair cells, and piezoelectric properties. Models of oscillatory systems,
resonances, and nonlinear responses are used. Viscous acoustic wave equations and mechanical
models of the organ of Corti are used to describe auditory transduction.

Radiation biophysics

This field studies the interaction of ionizing and non-ionizing radiation with living matter. The
primary objective is to elucidate the mechanisms of radiation damage to biomolecules, primarily
DNA, and the subsequent cascade processes at the molecular, cellular, and tissue levels.

Models of the direct and indirect effects of ionizing radiation and the theory of radiation-
chemical processes, in particular the formation of free radicals and peroxides, are applied.
Dosimetry methods, linear energy transfer (LET) estimates, and models of the probability of
induced mutations and apoptosis are employed.

Of particular importance are the study of radiobiological effects of low doses, DNA repair
models, threshold and stochastic effects, and the application of biophysics to radiotherapy and
radiation protection. Methods for modeling the tracks of ionizing particles in tissues are being
actively developed ( Monte Carlo simulations ).

Theoretical and computational biophysics

Modern biophysics makes extensive use of mathematical modeling and numerical methods.
Molecular dynamics models, stochastic kinetics, and Monte Carlo methods are being developed,
and partial differential equations describing diffusion, reactions, heat transfer, and mechanical
deformations are being solved.

Within the framework of theoretical biophysics, models of complex biological networks are
constructed: metabolic, signaling, and genetic. Methods of graph theory, nonlinear dynamics,
stability and bifurcation analysis, and catastrophe theory are used. Neural networks and artificial
intelligence models are being developed for the analysis of biophysical data.

In the field of structural biophysics, quantum mechanical methods (e.g., DFT) and hybrid
QM/MM approaches are used to study chemical reactions in enzymatic centers. Modeling of
large-scale biomolecular complexes, including viral capsids, ribosomes, protein networks, and
organelles, is developing.
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Biophysics of development and morphogenesis

At the intersection of biophysics, embryology, and nonlinear systems theory, a field is emerging
that studies the physical aspects of form formation in living organisms. Morphogen diffusion
processes, concentration gradients, and mechanochemical interactions between cells are being
explored.

Turing models describe the self-organization of spatial structures involving activators and
inhibitors. Methods of continuum mechanics and the theory of deformable bodies are applied to
analyze morphogenetic movements—gastrulation, neurulation, and limb formation.
Experimental methods of tracking cell migration and forcemetry are employed.

Biophysics of multicellular systems and tissues

The mechanics of cell assemblies and tissues requires a unification of methods mechanics,
and statistical physics. The processes of adhesion, cell migration, tissue rheological properties,
and the formation of intercellular bonds are studied.

Models of cellular automation, spindle division, and phase transitions in cell populations are
being developed. Methods from elasticity theory, fluid dynamics of active media, and Vertex and
Cellular models are being applied. Potts. Attention is paid to the collective behavior of cells in
tumor growth, angiogenesis, and wound healing.

Biophysics of circadian rhythms and biological clocks

The study of biological rhythms is an important area of research related to the temporal
regulation of physiological processes. Circadian clocks are described as nonlinear self-oscillating
systems that include feedback, delays, and noise.

Models based on systems of differential equations describing gene expression and protein
synthesis involving negative and positive feedback loops are used. The properties of stable
cycles, synchronization, time delays, and resonances are analyzed.

The photosensory mechanisms of circadian clock resynchronization, the role of melatonin and
the suprachiasmatic nuclei, and the biophysical mechanisms of intercellular synchronization are
being investigated. Particular attention is paid to medical aspects related to desynchronosis and
chronobiological therapy.

Applied areas and interface with technologies

Modern biophysics is actively being implemented in medical and technological applications.
Areas of development include the biophysics of neural interfaces, biosensors,
nanobiotechnology, and optogenetics. Interactions with external physical fields—electric,
magnetic, acoustic, and light—are being studied.

Bioengineered systems are being developed that utilize biophysical principles, from biomimetic
materials to artificial tissues. Lab -on-chip and microfluidics are rapidly developing, as are
applications in diagnostics and therapy (photodynamic therapy, magnetohyperthermia, etc.).

One of the promising areas is the biophysics of quantum effects in living systems: excitation
transfer in photosynthetic complexes, coherence in enzymatic reactions, hypotheses about
quantum perception.

These areas of biophysics cover a wide range of problems—from a fundamental understanding
of the mechanisms of life to practical applications in medicine and bioengineering. The
development of theory, modeling, and experimental technologies determines the future of this
interdisciplinary field.
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History of the development of biophysics

Biophysics emerged as a field of knowledge at the intersection of physics, biology, chemistry,
and mathematics, driven by the realization that processes occurring in living organisms are
subject to universal laws of physics. The systematic application of physical approaches to
biological objects began in the 19th century, but the origins of biophysical concepts can be
traced back to the works of ancient thinkers such as Aristotle, Herophilus, Galen, and others,
who sought to understand the nature of life in terms of the movement, balance, and interaction of
substances.

The development of biophysics as an independent science is associated with the development of
experimental methods, physical and chemical theory, as well as the development of computing
tools that made it possible to quantitatively describe complex biological systems.

Early experimental biophysics

In the 17th and 18th centuries, research in physiology began to take on a quantitative nature.
Helmholtz measured the speed of nerve impulse conduction, demonstrating the applicability of
physical measurements to biological processes. The work of Luigi Bioelectric galvanics became
the starting point for understanding the electrical nature of excitation and signal transmission in
living tissues.

The development of thermodynamics and concepts of energy conservation allowed us to
formulate the principles of energy balance in the body. The work of Mayer and Helmholtz
demonstrated that processes in the living body are subject to the same laws of thermodynamics
as inorganic processes, and respiration can be considered a form of oxidation.

Development of structural biophysics

The 20th century saw the rapid development of structural methods—X-ray diffraction analysis,
electron microscopy, and NMR spectroscopy—which made it possible to view the molecules of
life—proteins, DNA, and RNA—as objects with a specific spatial organization. The
groundbreaking discovery of DNA structure by Watson and Crick (1953), based on X-ray data
from Rosalind Franklin, was a turning point, demonstrating the importance of physicochemical
analysis for understanding the mechanisms of heredity.

In parallel, methods of molecular dynamics and statistical mechanics were developed, which
made it possible to model conformational changes in biomolecules and study their interactions in
terms of potentials and entropic effects.

Electrophysiology and neurobiophysics

Among the fields that have developed within biophysics, electrophysiology—the study of the
electrical activity of cells and tissues—occupies a special place. Hodgkin and Huxley's work on
modeling the action potential in a squid axon (1952) demonstrated how theoretical physics
methods can be applied to describe and predict biological phenomena. Their model, based on a
system of differential equations, remains fundamental in the physiology of the nervous system.

Further developments in neurobiophysics were accompanied by the advent of the patch-clamp
method and the discovery of ion channels, which became the basis for understanding the
molecular mechanisms of excitability. The use of fluorescence microscopy and optogenetics
made it possible to visualize the activity of individual neurons and even manipulate them in the
living brain.

Photobiophysics and biophotonics

Understanding the role of light in biological processes became possible thanks to
photobiophysics. The study of photosynthesis, photoreception, and bioluminescence required the
development of new optical methods and models of energy transfer in photosensitive systems.
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Research in photosynthesis, beginning with studies of oxygen evolution in plants, led to the
creation of a model of the photochemical cycle that includes photoinduced electron transfer,
excited states of chlorophyll, and their relaxation. Mechanisms for the quantum efficiency of
light harvesting were identified, and manifestations of quantum coherence in energy transfer
were discussed.

On this basis, the field of biophotonics was formed — the development and application of
photonic methods for diagnostics and therapy: fluorescence tomography, two-photon
microscopy, Raman spectroscopy, laser tissue ablation.

Radiobiophysics and radiation biophysics

With the advent of nuclear physics, the need arose to study the effects of ionizing radiation on
living organisms. Radiobiophysics investigates the physicochemical mechanisms of damage to
cells, DNA, and proteins caused by alpha, beta, gamma, and X-ray radiation, neutrons, and
protons.

Understanding the radiosensitivity of various tissues and their radioprotective mechanisms
formed the basis of radiation therapy and radiation safety. Mathematical models of dose
distribution and the probability of induced damage are used in oncology to optimize radiation
therapy.

Theoretical and mathematical biophysics

Biophysics is one of the few areas of biology that utilizes advanced methods of theoretical
physics. It develops:

» Models of nonlinear dynamics and synergetics that describe biological rhythms, oscillatory
modes in cells (for example, calcium oscillations), and self-oscillations in the heart muscle.

» Network models of gene regulation, metabolic pathways and neural networks.

» Models of self-organization and morphogenesis - from the work of Turing to modern
reaction-diffusion systems.

> Biopolymer physics studies the mechanical properties of DNA molecules, proteins, and
polysaccharides using elasticity theory, hydrodynamics, and statistical physics.

Biophysics of cellular and subcellular organization

This field studies the mechanisms of cellular architecture, the transport of substances across
membranes, and the intracellular movement of organelles. Membranes are viewed as two-
dimensional fluids with embedded protein complexes that exhibit mobility and function as
receptors or transporters.

Active transport and the mechanical properties of the cytoskeleton are analyzed within the
framework of active matter models, which describe the interactions of motor proteins,
microtubules, and actin fibers. Understanding osmosis, pressure, and concentration gradients,
which regulate cellular physiology, is crucial.

Contemporary trends and interdisciplinarity

Modern biophysics actively interacts with nanotechnology, computer science, engineering, and
medicine. New disciplines are emerging:

» Systems biophysics seeks to describe whole cells and organisms as complex physical
systems.

»  Synthetic biophysics, which designs artificial cellular components.



92 American Journal of Bioscience and Clinical Integrity Volume: 2 | Number: 11 (2025)

» Quantum biophysics, which studies the possible involvement of quantum effects in
biological processes (e.g. tunneling of protons or electrons, quantum coherence in
photosynthesis).

» Biophysics of biomolecular machines, where molecular motors are considered as physical
nanomechanisms with thermodynamic efficiency.

Institutionalization of biophysics

Scientific societies, departments, and institutes of biophysics began to actively develop in the
second half of the 20th century. In the USSR, the key centers included the Institute of Biophysics
of the USSR Academy of Sciences, the Institute of Theoretical and Experimental Biophysics in
Pushchino, and the biophysics departments at Moscow State University, Leningrad State
University, and other universities.

International organizations such as Biophysical Society (USA), European Biophysical Societies '
Association coordinates global research and hosts major conferences. Scientific journals —
Biophysical Journal, European Biophysics Journal, Journal of Molecular Biology - provides an
exchange of the latest achievements.

The history of biophysics as a basis for understanding the modern living world

The history of biophysics is not simply a series of discoveries, but the emergence of a new way
of thinking: viewing life as a manifestation of fundamental physical processes. The evolution of
methods, concepts, and models in biophysics testifies to the profound unity of nature and the
need for an interdisciplinary approach to solving problems in biology and medicine.
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