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Abstract
Modern biophysics has evolved from the measurement of isolated molecular properties toward increasingly integrated 
molecular characterization. Advances in instrumentation, orthogonal workflows, and multidimensional analytical platforms 
have expanded the breadth of molecular information obtainable from a single experimental context, increasing what we define 
here as “information density”. In this review, we examine the scientific and technological forces underlying this transition 
and propose state-centric biophysics as an interpretive framework in which biophysical properties like affinity, kinetics, 
thermodynamics, stability, structural dynamics, hydrodynamics, ligand occupancy, and assembly state are viewed as comple-
mentary descriptors of a shared molecular-state landscape rather than as independent experimental outputs. Representative 
case studies, including targeted protein degradation, molecular glues, Heat Shock Protein 90 (HSP90) molecular cycle and 
inhibition, and state-selective inhibition of Kirsten Rat Sarcoma Viral Oncogene Homolog G12C (KRAS G12C), illustrate 
how biological activity frequently depends on molecular-state properties that extend beyond ligand occupancy alone. Col-
lectively, these observations suggest that the central challenge of modern biophysics is increasingly shifting from measuring 
molecular properties to identifying the molecular states that govern mechanism, efficacy, selectivity, and therapeutic response.

Keywords  State-centric biophysics · Multidimensional molecular characterization · Integrated biophysical platforms · 
Information density

Introduction

The convergence of molecular measurements

Modern biophysics plays a central role in the charac-
terization of molecular recognition, protein stability, 
conformational behavior, structural dynamics, and bio-
logical mechanism. Across molecular biology and drug 
discovery, biophysical methods are routinely used for assay 
development, screening, hit confirmation, mechanistic 

characterization, and decision-making throughout the dis-
covery process (Holdgate et al. 2019; Renaud et al. 2016). 
Historically, however, most biophysical techniques were 
developed to interrogate specific molecular properties. Affin-
ity, kinetics, thermodynamics, stability, structural dynam-
ics, and molecular size were often measured independently 
and interpreted within the context of individual experiments 
(Englander and Kallenbach 1983; Konermann et al. 2011; 
Privalov and Potekhin 1986; Rich and Myszka 2000; Wales 
and Engen 2006; Wiseman et al. 1989).

The defining trend in contemporary biophysics is not the 
replacement of these measurements, but their increasing 
integration. Modern biological questions frequently require 
more than a single molecular parameter because molecular 
recognition is often coupled to changes in stability, dynam-
ics, assembly state, hydration, conformational populations, 
or biological function. Consequently, confidence in molecu-
lar interpretation increasingly depends on whether comple-
mentary measurements converge toward a coherent descrip-
tion of the same molecular system (Holdgate et al. 2019; 
Renaud et al. 2016).
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This transition has been accelerated by advances in 
instrumentation and workflow design. Automation and 
high-throughput experimentation expanded the scale 
of molecular characterization (Mayr and Fuerst 2008), 
while microfluidics, flow-induced dispersion analysis, 
integrated fluorescence workflows, electro-switchable 
biosensors, and mass photometry expanded the ability 
to characterize molecular systems through multiple com-
plementary dimensions while reducing sample consump-
tion (Asor and Kukura 2022; Charmet et al. 2018; Jensen 
and Ostergaard 2010; Langer et al. 2013; Pedersen et al. 
2019; Soltermann et al. 2020). As a result, experiments 
increasingly generate broader molecular information 
from the same sample, perturbation, platform, or experi-
mental workflow.

In this review, “information density” refers to the 
breadth and complementarity of molecular information 
obtainable from a single experiment, platform, sample, 
or tightly connected workflow. It is not intended as a for-
mal quantitative metric, but as a conceptual descriptor of 
the increasing ability of modern biophysical approaches 
to connect biophysical properties like affinity, kinetics, 
thermodynamics, stability, structural dynamics, hydrody-
namics, assembly state, and function within a common 
interpretive framework. Under this view, the value of a 
measurement is not determined solely by the parameter 
it reports, but also by how effectively it can be integrated 
with complementary molecular information.

The purpose of this review is to examine the convergence 
of molecular measurements as a defining trend in modern 
biophysics. We first describe the historical progression from 
single-parameter characterization to orthogonal workflows 
and integrated multidimensional platforms before discuss-
ing the scientific and technological forces that have driven 
this evolution. Finally, we propose state-centric biophysics 
as an interpretive framework that integrates complemen-
tary molecular measurements to better understand biologi-
cal mechanism, pharmacological behavior, and therapeutic 
response.

An important conceptual development accompanying this 
experimental evolution is the recognition that biomolecules 
rarely exist as single static structures. Instead, proteins and 
molecular assemblies populate dynamic thermodynamic 
ensembles composed of multiple interconverting conforma-
tional states whose relative populations can be redistributed by 
ligand binding, post-translational modifications, environmental 
conditions, or molecular interactions (Boehr et al. 2009; Guo 
and Zhou 2016; Hammes et al. 2009; Nussinov 2025; Nussinov 
et al. 2023, 2026). Consequently, understanding biological 
function increasingly requires identifying not only whether 
molecular recognition occurs, but also which molecular state 
is being populated and how experimental perturbations alter the 

distribution of accessible states. This conceptual shift provides 
the thermodynamic foundation for the state-centric interpretive 
framework developed throughout this review.

State‑centric biophysics as an interpretive 
framework

State-centric biophysics builds upon several established areas 
of molecular biophysics but is not synonymous with them 
since they address related but distinct scientific objectives. 
Ensemble biophysics established that proteins and molecular 
assemblies exist as dynamic populations of interconverting 
conformations rather than as single static structures focusing 
on conformational populations and dynamics (Boehr et al. 
2009; Nussinov 2025; Nussinov et al. 2023, 2026). Integra-
tive structural biology combines heterogeneous experimental 
information to construct structural and mechanistic models of 
complex biological systems (Rout and Sali 2019). Orthogonal 
characterization workflows increase confidence by evaluating 
molecular systems through multiple independent experimen-
tal measurements (Holdgate et al. 2019; Renaud et al. 2016). 
Conceptually, state-centric biophysics focuses on identifying 
the experimentally supported molecular states that govern bio-
logical and pharmacological behavior.

This perspective is fundamentally grounded in thermody-
namic principles, where biological function emerges from 
populations of interconverting molecular states rather than sin-
gle static conformations. Consequently, experimental measure-
ments become complementary observations of how molecular 
perturbations redistribute these state populations and influence 
biological behavior (Nussinov 2025; Nussinov et al. 2026).

Under this framework, the biophysical properties are inter-
preted as complementary descriptors of a common molecu-
lar-state landscape. The central question therefore shifts from 
whether molecules interact, whether multiple measurements 
agree, or whether a structural model can be constructed, to 
which molecular state is responsible for the observed biologi-
cal outcome and how experimental perturbations redistribute 
populations among accessible states (Guo and Zhou 2016; 
Hammes et al. 2009). In this sense, state-centric biophysics 
is not proposed as a new experimental discipline, but as an 
interpretive framework for linking multidimensional molecular 
measurements to biological mechanism, efficacy, selectivity, 
and therapeutic response.

Historical evolution of biophysical 
characterization

The convergence of molecular biophysical measurements 
emerged through a series of technological and methodo-
logical transitions that gradually expanded the scope of 
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biophysical characterization. The history of the field is not 
a sequence of abrupt replacements, in which older methods 
were discarded as new ones appeared. Instead, successive 
generations of techniques added new experimental capabili-
ties while preserving the value of established approaches. 
The result has been a progressive expansion from measure-
ments focused on individual molecular properties to increas-
ingly integrated strategies capable of describing molecular 
systems through multiple complementary dimensions.

Single‑parameter molecular characterization

The foundations of modern biophysical characterization 
were established through techniques designed to interrogate 
specific molecular properties with high physical rigor. Dur-
ing the  1980 s and early  1990 s, methods such as isothermal 
titration calorimetry (ITC), differential scanning calorimetry 
(DSC), surface plasmon resonance (SPR), hydrogen–deu-
terium exchange (HDX), dynamic light scattering (DLS), 
and analytical ultracentrifugation (AUC) became important 
experimental tools for studying molecular recognition, sta-
bility, dynamics, and assembly.

These techniques provided direct access to molecular 
properties that were often difficult to obtain by other experi-
mental approaches. ITC enabled the determination of binding 
constants, stoichiometry, enthalpy, and entropy directly from 
solution-phase measurements (Batista et al. 2015; Jelesarov 
and Bosshard 1999; Wiseman et al. 1989). DSC established 
a rigorous framework for quantifying temperature-induced 
changes in proteins and macromolecular stability (Jelesa-
rov and Bosshard 1999; Privalov and Potekhin 1986). SPR 
introduced real-time monitoring of biomolecular interactions, 
enabling kinetic and affinity measurements without the need 
for labeled reagents (Fagerstam et al. 1992; Jonsson et al. 
1991; Pascarella et al. 2026). Hydrogen exchange methods 
provided a route for linking protein structure with confor-
mational dynamics and solvent accessibility (Englander and 
Kallenbach 1983).

Although these approaches generated highly informative 
measurements, each method primarily emphasized a par-
ticular molecular dimension. Thermodynamics, kinetics, 
stability, size, or dynamics were typically measured indepen-
dently and interpreted within the context of the individual 
experiment.

Throughput expansion and automation

During the mid-1990s and early  2000 s, the focus of bio-
physical innovation shifted toward experimental throughput, 
reproducibility, and scalability. This transition was closely 
associated with the growing influence of pharmaceutical 
screening, combinatorial chemistry, and large-scale biologi-
cal discovery programs.

Optical biosensors matured into robust analytical plat-
forms, and increasing attention was directed toward improv-
ing assay quality, data analysis, and kinetic interpretation 
(Myszka 1999; Rich and Myszka 2000). Fluorescence-based 
technologies, including fluorescence polarization and fluo-
rescence resonance energy transfer methodologies, became 
widely adopted because they could be implemented in 
automated and miniaturized assay formats (Owicki 2000). 
Robotic liquid handling, microplate-based experimentation, 
and increasingly sophisticated screening infrastructures 
expanded the number of experiments that could be per-
formed within a given timeframe (Mayr and Fuerst 2008).

This period transformed the scale at which molecular 
characterization could be performed. Larger datasets became 
accessible, and the routine analysis of hundreds or thousands 
of samples became increasingly feasible. However, despite 
substantial improvements in throughput, the molecular 
information generated by individual experiments remained 
largely distributed across separate assay formats. The domi-
nant challenge was no longer obtaining measurements, but 
coordinating information generated by multiple independent 
experimental systems.

Orthogonal characterization workflows

As biological systems and drug-discovery programs became 
more complex, confidence in molecular interpretation 
increasingly relied on agreement across multiple independ-
ent methods. Rather than depending on a single measure-
ment, investigators began combining complementary tech-
niques to evaluate different aspects of the same molecular 
system.

This period saw the routine integration of approaches 
such as SPR, ITC, DSC, differential scanning fluorimetry 
(DSF), DLS, size-exclusion chromatography coupled to 
multi-angle light scattering (SEC-MALS), HDX mass spec-
trometry (HDX-MS), nuclear magnetic resonance (NMR) 
spectroscopy, X-ray crystallography, and small-angle scat-
tering methods. NMR played a central role in revealing 
conformational dynamics, transient structural states, and 
population exchange occurring under near-physiological 
solution conditions, thereby establishing many of the con-
ceptual foundations of modern ensemble-based structural 
biology (Guo and Zhou 2016; Weikl and Paul 2014). Com-
plementing these capabilities, HDX-MS became particu-
larly important by enabling direct investigation of protein 
dynamics, conformational changes, and solvent accessibil-
ity in solution (Englander 2006; Konermann and Scrosati 
2024; Wales and Engen 2006). Together, these structural 
and biophysical approaches increasingly allowed molecular 
recognition to be interpreted within broader structural and 
mechanistic contexts.
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The defining feature of this era was not the emergence 
of a new technology, but the emergence of a new experi-
mental strategy. Confidence increasingly derived from 
convergence across independent measurements rather 
than from any individual technique alone. Reviews of bio-
physical methods in drug discovery emphasized the grow-
ing value of combining orthogonal approaches to support 
mechanistic interpretation, hit validation, and decision-
making (Holdgate et al. 2019; Renaud et al. 2016).

Integrated multidimensional platforms

Beginning in the early  2010 s, a new generation of technol-
ogies emerged that increasingly combined multiple forms 
of molecular characterization within the same platform or 
tightly connected workflow. These developments expanded 
the range of molecular information obtainable from limited 
quantities of material while reducing the dependence on 
large collections of independent experiments.

Flow-induced dispersion analysis demonstrated that 
noncovalent interactions could be quantified using nano-
liter sample volumes through hydrodynamic measurements 
performed under native solution conditions (Jensen and 
Ostergaard 2010). Subsequent developments combined dis-
persion analysis with intrinsic fluorescence measurements 
to connect molecular size, folding behavior, and functional 
assessment within a unified workflow (Pedersen et  al. 
2019). Microscale thermophoresis (MST) enabled inter-
action analysis in free solution while remaining sensitive 
to changes in size, charge, hydration shell, and molecular 
environment (Jerabek-Willemsen et al. 2011; Seidel et al. 
2013). Electro-switchable DNA-chip technologies demon-
strated the simultaneous acquisition of interaction, kinetic, 
size, and conformational information within a single ana-
lytical framework (Langer et al. 2013).

More recently, mass photometry has enabled direct 
measurement of molecular masses and population dis-
tributions for individual biomolecules and complexes in 
solution, providing access to information related to assem-
bly state, relative abundance, interaction equilibria, and 
molecular dynamics (Asor and Kukura 2022; Soltermann 
et al. 2020). Collectively, these developments illustrate a 
broader transition toward platforms that increasingly inte-
grate complementary molecular dimensions within a com-
mon experimental context.

Figure 1 summarizes the historical progression of bio-
physical characterization from single-parameter measure-
ments toward increasingly integrated and multidimensional 
experimental approaches.

Toward integrated characterization

The historical trajectory outlined above reveals a progres-
sion from individual molecular-property measurements to 
orthogonal workflows and integrated platforms capable of 
capturing multiple molecular dimensions within increasingly 
unified experimental contexts. This progression established 
the foundation for the technological and scientific forces that 
continue to drive convergence across modern biophysical 
instrumentation. Table S1 summarizes the major stages of 
this evolution, highlighting the dominant paradigms, repre-
sentative technologies, sources of experimental confidence, 
and the limitations that motivated subsequent transitions.

Drivers of instrumentation convergence

The historical progression described in Sect. "Historical Evo-
lution of Biophysical Characterization" did not result from a 
single technological breakthrough. Rather, it emerged from 
a combination of scientific and practical pressures that col-
lectively reshaped modern biophysical instrumentation and 
experimental workflows. Increasing biological complexity, 
limited sample availability, the need to detect weak and heter-
ogeneous molecular responses, growing demands for through-
put, and the challenge of integrating information across mul-
tiple experimental platforms all encouraged the development 
of technologies capable of generating richer molecular charac-
terization while reducing experimental burden (Holdgate et al. 
2019; Mayr and Fuerst 2008; Pascarella et al. 2026; Renaud 
et al. 2016). As molecular systems became increasingly dif-
ficult to describe through isolated measurements, instrumen-
tation progressively evolved toward approaches capable of 
capturing multiple complementary dimensions of molecular 
behavior within a common experimental context.

Several technological trends contributed to this transition. 
Miniaturization and microfluidic approaches improved sam-
ple economy and enabled quantitative characterization under 
sample-limited conditions (Charmet et al. 2018; Jensen and 
Ostergaard 2010; Otzen et al. 2021). Advances in detector 
sensitivity expanded access to weak, transient, and heteroge-
neous molecular interactions (Asor and Kukura 2022; Langer 
et al. 2013; Myszka and Rich 2000). Automation and paral-
lelization increased experimental throughput and scalability 
for modern drug-discovery programs (Knowling et al. 2020; 
Mayr and Fuerst 2008; Yang et al. 2016), while solution-
state characterization, orthogonal validation strategies, and 
developability-focused workflows broadened the range of 
molecular properties that could be evaluated simultaneously 
(Holdgate et al. 2019; Jain et al. 2017; Pedersen et al. 2019; 
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Renaud et al. 2016; Roberts 2014). Finally, increasing compu-
tational capacity and integrative modeling approaches facili-
tated the interpretation of multidimensional datasets and the 
construction of more comprehensive molecular descriptions 
(Konermann et al. 2011; Rout and Sali 2019). Collectively, 
these developments accelerated the convergence of modern 
biophysical instrumentation and established the foundation for 
integrated and state-centric biophysical characterization strat-
egies. The principal drivers of this transition and their impact 
on biophysical characterization are summarized in Table 1.

Increasing information density 
per experiment

The historical evolution and the technological drivers summa-
rized above converged toward a common outcome: modern bio-
physical experiments increasingly generate broader molecular 
information from the same sample, experimental workflow, or 

analytical platform. While the specific measurements obtained 
vary across technologies, a consistent trend has emerged across 
contemporary biophysics. Experiments are progressively shift-
ing from reporting isolated molecular properties toward captur-
ing multiple complementary dimensions of molecular behavior.

Historically, these molecular dimensions were often 
obtained through separate experiments and interpreted 
independently. The adoption of orthogonal characterization 
workflows expanded molecular insight by integrating com-
plementary measurements across binding, stability, dynam-
ics, hydrodynamics, and structure (Holdgate et al. 2019; 
Konermann et al. 2011; Renaud et al. 2016). More recently, 
integrated platforms have begun to generate multiple 
molecular readouts within the same experimental context, 
increasing the breadth of molecular information obtainable 
from a single sample or workflow (Asor and Kukura 2022; 
Jensen and Ostergaard 2010; Langer et al. 2013; Pedersen 
et al. 2019; Soltermann et al. 2020). Although these tech-
nologies differ substantially in physical principle, they share 

Fig. 1   Evolution of information density in biophysical characteriza-
tion and the emergence of state-centric workflows. The figure illus-
trates the historical progression of biophysical characterization from 
isolated measurements of individual molecular properties toward 
increasingly integrated experimental strategies capable of describing 
biomolecular systems through multiple complementary dimensions. 
The horizontal axis represents the approximate technological time-
line. The vertical axis represents relative information density, defined 
here as the breadth and complementarity of molecular information 
obtainable from a single experiment, platform, sample, or tightly con-
nected workflow. Information density is used as a conceptual descrip-
tor rather than a formal quantitative metric. Low information density 
corresponds to measurements that primarily report a single molecu-
lar dimension, whereas higher information density reflects the ability 
to obtain multiple complementary molecular dimensions that can be 

interpreted together within the same experimental context or work-
flow. The first stage (1985–1995) was dominated by single-parameter 
measurements. The second stage (1995–2005) focused on automation 
and throughput expansion. The third stage (2005–2015) marked the 
widespread adoption of orthogonal characterization workflows. The 
fourth stage (2015–2026) reflects the emergence of integrated multi-
dimensional platforms capable of generating multiple molecular read-
outs from the same sample or experimental workflow. The final stage 
(2026 +) represents the conceptual transition toward state-centric 
characterization, in which complementary molecular measurements 
are interpreted collectively as descriptors of a common molecular-
state landscape. Collectively, the figure illustrates the progression 
from isolated molecular measurements toward multidimensional and 
state-centric interpretation
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a common objective: expanding the molecular dimensions 
that can be characterized within a common experimental 
framework.

The significance of this transition extends beyond gener-
ating additional measurements. Its principal advance lies in 
integrating complementary molecular dimensions into coher-
ent descriptions of molecular behavior. Rather than increas-
ing the quantity of information alone, multidimensional char-
acterization strengthens biological interpretation by placing 
affinity, stability, structural dynamics, hydrodynamics, aggre-
gation, and assembly state within a common experimental 
context. This increasing information density provides part 
of the conceptual foundation for the state-centric framework 
developed in the following sections. Figure 2 summarizes this 
progression from single-parameter measurements to orthogo-
nal workflows and integrated multidimensional characteriza-
tion strategies, whereas Supplementary Table S2 provides 
a comparative overview of the corresponding experimental 
architectures.

The emergence of integrated biophysical 
platforms

Integrated biophysical platforms vary widely in their under-
lying physical principles, experimental configurations, sam-
ple requirements, and molecular sensitivities. These differ-
ences make direct comparisons inappropriate and limit the 
extent to which results can be treated as interchangeable. 
Instead, each class of platform is best understood in terms 
of what it measures directly, what it can infer under specific 
conditions, and where interpretation becomes uncertain. 
Maintaining this distinction is critical, as integrated charac-
terization only retains its value when the physical meaning 
of each measurement is preserved.

Surface‑based interaction platforms

Surface-based interaction platforms remain central to quan-
titative binding analysis because they report association and 
dissociation in real time. SPR, array SPR, biolayer inter-
ferometry, and related label-free biosensors provide direct 
access to kinetic parameters, including association rate 
constants, dissociation rate constants, residence time, and 
affinity when the assay is appropriately designed and mod-
eled (Pascarella et al. 2026; Rich and Myszka 2000). Mod-
ern high-throughput biosensor formats have expanded this 
capability by enabling larger interaction panels, antibody 
characterization campaigns, and parallelized kinetic profil-
ing (Knowling et al. 2020; Yang et al. 2016).

The principal strength of these platforms is kinetic resolution. 
Their primary limitation is that the molecule is usually interro-
gated at a surface or biosensor interface, where immobilization Ta
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geometry, mass transport, rebinding, avidity, matrix effects, 
and model selection can influence interpretation (Pascarella 
et al. 2026). Complex sensorgrams can reveal heterogeneity, 
multiphasic behavior, or apparent conformational effects, but 
surface-based kinetic data alone do not provide residue-level 
structural information or direct oligomeric-state assignment.

Electro-switchable DNA-chip technologies, including 
switchSENSE and related heliX implementations, extend 
surface-based analysis by using electrically actuated DNA 
nanolevers with fluorescence detection. In addition to inter-
action kinetics, these platforms can report hydrodynamic 
diameter and conformationally sensitive changes through 
altered nanolever dynamics or fluorescence proximity sig-
nals (Langer et al. 2013). Applications of switchSENSE to 
protein-RNA and small-molecule-DNA interactions further 
illustrate its utility for real-time binding analysis in tethered 
molecular systems (Clery et al. 2017; Ramotowska et al. 
2022). These measurements remain surface-coupled and 
tether-geometry-dependent, so hydrodynamic or conforma-
tional interpretations should be made within the constraints 
of the assay design.

Thermal and stability platforms

Thermal and stability platforms interrogate molecular behav-
ior through temperature-dependent unfolding, conformational 
transitions, and aggregation-related signals. DSF and nanoDSF 
are widely used to monitor protein stability by following fluo-
rescence changes during thermal ramps. In nanoDSF, intrinsic 
tryptophan and tyrosine fluorescence can report changes in 
tertiary structure without the need for extrinsic dyes, making 
the method useful for protein stability and comparability stud-
ies, including therapeutic proteins (Wen et al. 2020).

Thermal profiling platforms are particularly valuable 
when conformational stability, formulation behavior, 
or aggregation propensity must be evaluated. NanoDSF 
has been applied to antibody thermal stability screening 
and buffer selection, supporting its use in formulation-
oriented workflows (Kim et al. 2021). These approaches 
are also relevant to biologics because protein aggregation 
and instability are major developability liabilities (Rob-
erts 2014), and clinical-stage antibody analysis has shown 
that developability assessment benefits from multiple 

Fig. 2   Increasing information density per experiment in modern 
biophysics. Traditional biophysical characterization often relied on 
individual experiments to interrogate a single dominant molecular 
dimension, such as affinity, thermodynamics, stability, or hydrody-
namic behavior. Orthogonal characterization workflows subsequently 
combined multiple independent techniques to expand molecular 
insight and increase confidence in experimental interpretation. More 
recently, integrated platforms have begun to generate complementary 
molecular readouts from the same sample, perturbation, or experi-

mental workflow, enabling simultaneous characterization of binding, 
kinetics, stability, hydrodynamics, conformational behavior, structural 
dynamics, and assembly state. This progression has increased the 
information density of biophysical experiments and reflects a broader 
transition from isolated molecular measurements toward multidimen-
sional characterization strategies capable of describing molecular sys-
tems within a richer biological and physicochemical context



Biophysical Reviews	

biophysical parameters rather than a single stability value 
(Jain et al. 2017).

The interpretation caveat is important. A thermal shift can 
be consistent with ligand binding, altered conformational sta-
bility, or changes in aggregation behavior, but it is not auto-
matically equivalent to affinity. Thermal readouts are most 
informative when the assay distinguishes conformational 
unfolding from colloidal instability and when thermal shifts 
are interpreted together with concentration dependence and 
appropriate controls (Llowarch et al. 2023; Niesen et al. 2007; 
Renaud et al. 2016). Platform configurations that combine 
nanoDSF with backreflection, DLS, or SLS can add aggrega-
tion or particle-size information, but these should be described 
according to the specific instrument configuration and assay 
validation (NanoTemperTechnologies 2025a).

Solution‑state and hydrodynamic platforms

Solution-state and hydrodynamic platforms provide infor-
mation about molecular size, diffusion, species distribu-
tion, complex formation, and aggregation under conditions 
that do not require surface immobilization. Flow-induced 
dispersion analysis and Taylor dispersion analysis quan-
tify molecular interactions through changes in diffusion or 
apparent hydrodynamic radius, enabling low-volume solu-
tion measurements of noncovalent interactions (Jensen and 
Ostergaard 2010). Integrated workflows combining Taylor 
dispersion analysis, flow-induced dispersion analysis, and 
intrinsic fluorescence have further connected molecular size, 
folding, and functional assessment within a unified protein-
characterization approach (Pedersen et al. 2019). Reviews 
of microfluidic interaction analysis also support the value of 
these methods for measuring biomolecular size and binding 
in solution with modest sample consumption (Otzen et al. 
2021).

DLS provides hydrodynamic information by measuring 
diffusion-dependent scattering fluctuations. It is useful for 
assessing sample homogeneity, aggregation, and apparent 
particle size in solution, but it is highly sensitive to large 
particles and polydispersity (Stetefeld et al. 2016). SEC-
MALS adds a complementary dimension by separating 
species chromatographically before multi-angle light scat-
tering analysis, enabling molecular-weight and size charac-
terization of monomers, oligomers, aggregates, complexes, 
glycoproteins, and detergent-associated membrane-protein 
systems when separation and sample quality are adequate 
(Batista et al. 2015; Some et al. 2019).

The key strength of hydrodynamic platforms is that they 
help define the physical species present during an experi-
ment. Their limitation is that size, diffusion, or scatter-
ing changes do not by themselves identify a binding site 
or molecular mechanism. These methods are strongest 
when used to establish whether the measured species is 

monomeric, oligomeric, aggregated, complexed, or hetero-
geneous under the assay conditions.

Conformation‑sensitive platforms

Conformation-sensitive binding platforms detect interaction-
associated changes in fluorescence, thermal gradients, or 
local dye environment. MST measures changes in thermo-
phoretic movement that can arise from binding-associated 
differences in size, charge, hydration shell, or conformation 
(Jerabek-Willemsen et al. 2011; Seidel et al. 2013). Because 
the assay is performed in free solution and can tolerate com-
plex buffers, MST can be useful for systems that are difficult 
to immobilize or analyze by surface-based methods.

Temperature-related intensity change (TRIC), Dian-
thus, and Spectral Shift implementations extend fluo-
rescence-based affinity analysis into plate-compatible or 
high-throughput formats. The safest interpretation is that 
these methods quantify concentration-dependent bind-
ing-associated fluorescence responses. Recent review 
literature describes Spectral Shift as a tool for study-
ing macromolecular interactions and discusses Dianthus 
as a plate-based, immobilization-free, high-throughput 
platform for protein–ligand, protein–protein, protein-
nucleic acid, and ternary-complex assays, with TRIC 
as an orthogonal f luorescence-based implementation 
(Hunter et al. 2025).

These approaches are powerful but should not be overin-
terpreted. A fluorescence shift or thermophoretic response 
indicates a binding-associated change in the measured sig-
nal; it does not automatically specify the structural origin 
of that change. Dye labeling, local environmental effects, 
compound fluorescence, aggregation, adsorption, and buffer 
mismatch can all influence the response. Therefore, con-
formation-sensitive platforms are best described as affinity 
and binding-response methods with conditional sensitiv-
ity to molecular environment, not as standalone structural 
methods.

Structural and ensemble platforms

Structural and ensemble platforms add molecular dimen-
sions that are not captured by affinity or stability measure-
ments alone. HDX-MS measures backbone amide exchange 
as a function of solvent accessibility and hydrogen-bonding 
dynamics, providing information on structural dynamics, con-
formational protection, ligand-induced changes, and allosteric 
effects (Konermann et al. 2011). Because HDX-MS reports 
ensemble-averaged exchange behavior and depends on pep-
tide coverage, back-exchange control, spatial resolution, and 
data analysis choices, interpretation requires rigorous experi-
mental and reporting standards (Masson et al. 2019).
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Native mass spectrometry preserves noncovalent com-
plexes sufficiently to analyze ligand binding, stoichiometry, 
complex composition, and assembly state for suitable sys-
tems. It has been used in fragment-based drug discovery to 
detect weak ligand binding and characterize stoichiometry 
and affinity under native-like conditions (Pedro and Quinn 
2016). Ion mobility mass spectrometry adds gas-phase sepa-
ration according to ion mobility and collision cross section, 
providing information related to the size and shape of pro-
tein ions and complexes (Christofi and Barran 2023). These 
approaches are powerful for composition and assembly 
analysis, but gas-phase transfer, ionization, adduct forma-
tion, and preservation of native-like states must be carefully 
controlled and interpreted.

Mass photometry provides a label-free optical approach 
for measuring molecular mass distributions and relative 
abundances of individual biomolecules and complexes in 
solution. Molecular counting by mass photometry can quan-
tify protein–protein interactions and species distributions 
under appropriate concentration and mass-resolution con-
ditions (Soltermann et al. 2020). Applications to membrane 
proteins further illustrate its value for heterogeneous and 
assembly-state-sensitive systems (Olerinyova et al. 2021), 
and recent reviews position mass photometry as a tool for 
studying biomolecular interactions, affinities, and dynamics 
(Asor and Kukura 2022).

Finally, integrative structural biology provides the con-
ceptual and computational framework for combining het-
erogeneous experimental data into coherent structural mod-
els. Integrative studies combine information from multiple 
experimental methods and prior knowledge while explicitly 
accounting for uncertainty and resolution (Rout and Sali 
2019). In the context of biophysical characterization, such 
approaches are most useful when structural, dynamic, mass, 
and interaction data must be interpreted together rather than 
treated as separate experimental outputs.

Collectively, these technologies differ in what they measure 
directly, what they infer conditionally, and what they cannot 
resolve without additional evidence. Table 2 summarizes the 
molecular dimensions captured by representative integrated 
biophysical platforms and distinguishes direct readouts from 
conditional or interpretation-dependent readouts.

A more detailed comparison of direct, derived, and con-
ditional readouts is provided in Supplementary Table S3.

Toward state‑centric biophysics

Contemporary biophysics is shifting from the measurement 
of isolated molecular properties toward integrated, multidi-
mensional descriptions of molecular systems. Advances in 
instrumentation, combined with increasingly connected char-
acterization platforms and orthogonal workflows, now make it 

possible to evaluate affinity, kinetics, thermodynamics, stabil-
ity, structural dynamics, hydrodynamics, and assembly state 
within unified experimental contexts (Holdgate et al. 2019; 
Renaud et al. 2016). In this framework, molecular recogni-
tion is no longer adequately described by a single parameter; 
instead, binding must be understood in relation to the broader 
physical state of the system under investigation.

Beyond affinity

Affinity remains one of the most important descriptors of 
molecular recognition. Equilibrium dissociation constants 
quantify the free-energy difference between bound and 
unbound states and remain fundamental to both mechanis-
tic studies and drug discovery. However, affinity alone rarely 
provides a complete description of molecular behavior. Two 
interactions with identical equilibrium affinities may exhibit 
markedly different association rates, dissociation rates, res-
idence times, thermodynamic signatures, conformational 
consequences, or biological outcomes (Copeland et al. 2006; 
Decherchi and Cavalli 2020; Schuetz et al. 2017).

Affinity also does not directly report whether binding is 
coupled to conformational change, altered stability, oligomeri-
zation, aggregation, redistribution of conformational popula-
tions, or changes in assembly state. Consequently, a binding 
constant represents an important description of molecular 
recognition, but it does not necessarily identify the molecular 
state in which that recognition occurs or define the physical 
condition of the molecular system being interrogated.

The concept of a molecular state extends beyond a sin-
gle structural representation of a biomolecule. Proteins, 
nucleic acids, molecular complexes, and higher-order 
assemblies rarely exist as static entities. Instead, they popu-
late ensembles of interconverting states that differ in struc-
ture, dynamics, stability, interaction competence, assembly 
state, and functional behavior (Boehr et al. 2009; Nussinov 
et al. 2023). A molecular state can therefore be defined as 
a physically distinguishable condition of a molecular sys-
tem characterized by a particular combination of structural 
organization, conformational population, dynamic behav-
ior, thermodynamic stability, assembly state, and interaction 
competence (Guo and Zhou 2016; Nussinov et al. 2023).

Consequently, molecular recognition is often more accu-
rately described as a transition between molecular states 
rather than as a simple interaction between static molecular 
structures. Binding events may stabilize pre-existing confor-
mations, redistribute conformational populations, promote 
assembly formation, alter dynamic behavior, or shift equi-
libria among multiple accessible states (Guo and Zhou 2016; 
Hammes et al. 2009).

Figure 3 illustrates this concept by depicting molecular 
states as multidimensional entities defined by interconnected 
structural, dynamic, thermodynamic, assembly-state, and 
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functional properties. Within this framework, affinity, kinet-
ics, thermodynamics, stability, hydrodynamics, conforma-
tional populations, and assembly state are viewed as com-
plementary descriptors of the same underlying molecular 
reality rather than independent experimental observations.

Molecular recognition as population redistribution

The modern view of biomolecular behavior recognizes 
that proteins and molecular assemblies exist as dynamic 
ensembles rather than as single static structures (Boehr 

et al. 2009; Nussinov 2025; Nussinov et al. 2023, 2026; 
Weikl and Paul 2014). Under these conditions, molecu-
lar recognition is frequently associated with changes in 
state populations. Binding may stabilize a pre-existing 
conformation, shift equilibrium distributions, alter struc-
tural dynamics, promote assembly formation, or modulate 
allosteric communication pathways (Guo and Zhou 2016; 
Hammes et al. 2009). Consequently, the biological signifi-
cance of an interaction often depends not only on whether 
binding occurs, but also on how that interaction redistrib-
utes populations among accessible molecular states.

Fig. 3   Molecular states as multidimensional descriptions of biomo-
lecular systems and their integration through state-centric biophys-
ics. Molecular recognition occurs within molecular systems that are 
defined by multiple interconnected physical and functional dimen-
sions rather than by a single experimental parameter. In this frame-
work, a molecular state is represented by the combined contributions 
of structure, dynamics, assembly state, ligand occupancy, thermody-
namic stability, biological function, and conformational population 
distributions. These dimensions collectively define the physical con-
dition of a molecular system and determine how that system responds 
to biological or pharmacological perturbation. Different biophysical 

methods provide complementary observations of these dimensions. 
Individually, each measurement captures only part of the molecular-
state landscape. Collectively, they provide the experimental context 
required to define the molecular state being interrogated. State-cen-
tric biophysics emerges from the integration of these complemen-
tary observations into a coherent molecular description. Rather than 
interpreting affinity, stability, dynamics, assembly state, or structure 
independently, this framework seeks to identify the molecular states 
that govern biological function and to understand how experimental 
perturbations redistribute populations among accessible states
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This perspective helps explain why interactions with 
similar apparent affinities can produce markedly different 
biological outcomes. Molecular recognition may occur 
within folded monomers, transient intermediates, oligomeric 
assemblies, heterogeneous populations, or dynamically fluc-
tuating conformational ensembles, each associated with dis-
tinct functional consequences. Affinity, kinetics, stability, 
dynamics, and assembly state therefore become intercon-
nected manifestations of the same molecular system rather 
than independent descriptors of molecular behavior.

State‑centric interpretation

State-centric biophysics provides an interpretive framework 
for integrating complementary molecular measurements into 
experimentally supported descriptions of molecular behavior. 
Rather than evaluating individual biophysical parameters in 
isolation, it seeks to determine which molecular state gov-
erns biological function and how experimental perturbations 
redistribute populations among accessible states.

Modern biophysical methods contribute complementary 
information toward this objective. Structural-dynamics 
approaches such as HDX-MS reveal conformational pro-
tection, flexibility, and allosteric perturbation (Konermann 
et al. 2011; Masson et al. 2019). Hydrodynamic measure-
ments identify changes in molecular size and complex for-
mation (Jensen and Ostergaard 2010; Otzen et al. 2021; 
Pedersen et al. 2019). Native MS, SEC-MALS, and mass 
photometry characterize stoichiometry, assembly state, and 
population distributions (Asor and Kukura 2022; Pedro and 
Quinn 2016; Soltermann et al. 2020; Some et al. 2019), 
whereas stability measurements reveal changes in con-
formational robustness and aggregation propensity (Janin 
2010; Roberts 2014). Collectively, these complementary 
observations provide the experimental context required to 
define the molecular state being interrogated.

State-centric biophysics does not replace traditional 
biophysical measurements. Rather, it provides a frame-
work for interpreting them collectively. As multidimen-
sional characterization becomes increasingly accessible, 
the focus of interpretation shifts from determining whether 
binding occurs to determining which molecular state is 
being measured and how experimental perturbations redis-
tribute populations among accessible states.

Impact on drug discovery and biological 
research

The emergence of multidimensional and state-centric bio-
physics has implications that extend beyond instrumenta-
tion, experimental design, and data integration. The value 

of these approaches ultimately lies in their ability to improve 
the interpretation of complex molecular systems. This impact 
becomes particularly apparent when biological targets exhibit 
weak binding, conformational heterogeneity, dynamic assem-
bly behavior, or mechanistic complexity that cannot be ade-
quately described through isolated measurements. In these 
contexts, the ability to place molecular recognition within a 
broader state-dependent framework can substantially influ-
ence experimental interpretation and decision-making.

Complex targets, molecular assemblies, 
and state‑dependent recognition

Many of the most challenging systems in modern biology 
and drug discovery do not behave as simple rigid molecu-
lar entities. Intrinsically disordered proteins, multidomain 
signaling proteins, membrane proteins, induced-proximity 
systems, molecular glues, transient complexes, and higher-
order molecular assemblies exist as dynamic populations 
rather than as single well-defined structures (Boehr et al. 
2009; Luo et al. 2023; Nussinov et al. 2023; Renaud et al. 
2016). Under these conditions, molecular recognition is 
often coupled to changes in conformation, oligomeriza-
tion, assembly state, dynamics, or population distributions. 
Consequently, the biological significance of an interaction 
may depend as much on the molecular state of the system 
as on the interaction itself.

This complexity becomes particularly apparent in weak 
and transient interactions, where distinguishing produc-
tive molecular recognition from nonspecific association, 
aggregation, avidity effects, or assay-dependent artifacts 
can be challenging (Coyle and Walser 2020; Robson-Tull 
2018). Similarly, conformational heterogeneity can pro-
duce situations in which ligands with similar apparent 
affinities stabilize different conformational populations 
and therefore generate different biological outcomes (Guo 
and Zhou 2016; Nussinov et al. 2023). Molecular assem-
blies introduce an additional layer of complexity because 
stoichiometry, assembly state, subunit exchange, and 
population distributions can influence biological behavior 
independently of affinity measurements alone (Asor and 
Kukura 2022; Gavriilidou et al. 2022; Pedro and Quinn 
2016; Soltermann et al. 2020).

From a practical perspective, the value of multidimen-
sional biophysics is not that it eliminates uncertainty, 
but that it helps identify the molecular origin of uncer-
tainty. Complementary measurements can reveal whether 
a molecular response is associated with conformational 
stabilization, altered dynamics, assembly-state redistribu-
tion, oligomerization, aggregation, or other state-depend-
ent phenomena (Holdgate et al. 2019; Renaud et al. 2016). 
Confidence therefore emerges not from the number of 
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measurements collected, but from the coherence of the 
molecular description generated by those measurements. 
This principle forms the foundation for the real-world 
examples discussed below.

Real‑world examples of state‑centric interpretation

The practical value of state-centric biophysics becomes most 
apparent when integrated measurements reveal mechanistic 
features that cannot be inferred from affinity alone. Simi-
lar interaction measurements may therefore correspond to 
fundamentally different molecular states and biological 
outcomes when examined through complementary experi-
mental dimensions. The following examples illustrate how 
multidimensional characterization provides mechanistic 
insights that extend beyond conventional affinity-based 
interpretation.

One illustrative example is provided by proteolysis-tar-
geting chimeras (PROTACs). Classical binary affinity meas-
urements quantify interactions between a PROTAC and its 
individual protein partners. However, subsequent structural, 
kinetic, and degradation studies demonstrated that biological 
activity depends strongly on the properties of the ternary 
complex formed between the target protein, the PROTAC, 
and the recruited E3 ligase (Gadd et al. 2017; Roy et al. 
2019). In the case of the Bromodomain and Extra-Terminal 
(BET) degrader MZ1, structural studies revealed highly 
cooperative ternary-complex formation despite modest 
binary binding affinities. SPR measurements further demon-
strated that ternary-complex dissociation kinetics correlated 
more strongly with degradation efficiency than binary affin-
ity alone. Consequently, similar affinity measurements could 
lead to markedly different biological outcomes because the 
relevant molecular state was defined by ternary-complex 
stability, cooperativity, and residence time rather than by 
binary binding strength.

A second example emerges from molecular-glue degrad-
ers. Traditional affinity-based interpretation would predict 
activity primarily from direct binding between individual 
molecular partners. However, studies combining native MS 
and mass photometry demonstrated that molecular glues 
can remodel oligomeric equilibria and alter assembly-state 
populations within E3 ligase systems (Huang et al. 2023). 
In these cases, the biological mechanism was not adequately 
described by a single binding interaction. Instead, the com-
pounds promoted redistribution among alternative assem-
bly states, producing functional outcomes that depended on 
changes in complex composition and population abundance. 
The relevant molecular state therefore involved assembly 
architecture and oligomeric organization rather than affin-
ity alone.

A third example is provided by Heat Shock Protein 90 
(HSP90) inhibitor characterization. Many HSP90 ligands 

exhibit comparable binding affinities despite producing 
distinct biological effects. Integrative studies combining 
kinetic measurements, structural analysis, molecular simu-
lations, and machine-learning approaches demonstrated that 
ligands with similar equilibrium affinities can stabilize dif-
ferent conformational ensembles and engage distinct allos-
teric communication pathways (Blacklock and Verkhivker 
2014; Minari et al. 2019; Morra et al. 2009; Verkhivker et al. 
2020). Under a purely affinity-centered interpretation, these 
ligands would appear mechanistically similar. However, 
multidimensional characterization revealed that differences 
in conformational dynamics, kinetic behavior, and allosteric 
regulation contributed substantially to their biological activ-
ity. The relevant molecular state therefore extended beyond 
simple ligand occupancy to include conformational and 
dynamic features of the HSP90 ensemble.

A fourth example is provided by covalent Kirsten Rat Sar-
coma Viral Oncogene Homolog Gly12Cys mutant (KRAS 
G12C) inhibitors. Early medicinal chemistry efforts fre-
quently focused on affinity optimization as the primary route 
toward improved target engagement. However, structural, 
biochemical, and cellular studies revealed that successful 
KRAS G12C inhibitors such as sotorasib and adagrasib 
derive their activity from selective engagement of a specific 
nucleotide-dependent conformational state of KRAS (Canon 
et al. 2019; Hallin et al. 2020; Ostrem et al. 2013). These 
inhibitors bind preferentially to the inactive GDP-bound 
form of KRAS G12C and exploit a transient switch-II pocket 
that is not equivalently accessible across all conformational 
states. Consequently, biological activity depends not only on 
ligand affinity but also on conformational-state populations, 
nucleotide cycling, and the dynamic redistribution of KRAS 
between accessible structural states. From a state-centric per-
spective, these compounds do not simply bind KRAS; they 
selectively engage and stabilize a therapeutically relevant 
molecular state within the broader conformational landscape 
of the protein.

Collectively, these examples demonstrate that the biologi-
cal significance of molecular recognition frequently depends 
on properties that extend beyond ligand occupancy alone. 
Ternary-complex stability, assembly-state redistribution, 
conformational populations, kinetic persistence, and allos-
teric communication can all contribute to biological out-
come, even when interactions exhibit similar apparent affini-
ties. Consequently, affinity remains an essential descriptor 
of molecular recognition, but it does not necessarily identify 
the molecular state responsible for biological activity (Guo 
and Zhou 2016; Hammes et al. 2009).

Viewed together, these case studies illustrate how multi-
dimensional characterization can connect molecular recogni-
tion to the molecular states that govern mechanism, efficacy, 
selectivity, and therapeutic response. From this perspec-
tive, the value of integrated biophysics lies not simply in 
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generating additional measurements and information density, 
but in providing the experimental context required to identify 
and interpret biologically relevant molecular states.

Future directions

The progression described throughout this review reflects 
a broader transformation in the role of biophysics within 
biomolecular research and drug discovery. Historically, 
advances in biophysical instrumentation focused on improv-
ing sensitivity, throughput, precision, or experimental acces-
sibility. More recently, however, the emphasis has shifted 
toward the integration of complementary molecular infor-
mation within increasingly connected experimental frame-
works. The future of the field will likely be defined not only 
by the development of new technologies, but by the ability to 
combine diverse measurements into coherent and reproduc-
ible descriptions of molecular systems.

Next‑generation integrated platforms

Future generations of biophysical instrumentation will likely 
continue the trend toward increasingly integrated experimen-
tal workflows. The most significant advances may not arise 
from entirely new physical principles, but from tighter cou-
pling between complementary measurements that are cur-
rently performed separately.

Recent developments already illustrate this direction. 
Structural prediction methods based on artificial intelligence 
have dramatically expanded the ability to generate structural 
hypotheses for proteins, protein complexes, nucleic acids, and 
small-molecule interactions (Abramson et al. 2024; Jumper 
et al. 2021). At the same time, experimental platforms continue 
to evolve toward multidimensional characterization, where 
binding, stability, dynamics, hydrodynamics, and assembly 
state can be evaluated within increasingly unified workflows.

Importantly, computational prediction and experimental 
biophysics should not be viewed as competing approaches. 
Predictive models generate hypotheses, whereas experimen-
tal measurements establish whether those hypotheses accu-
rately describe the molecular system under investigation. 
Future integrated platforms will likely derive much of their 
value from the ability to connect these two capabilities more 
effectively.

Increasing information density

The concept of information density introduced earlier in 
this review provides a useful framework for understand-
ing the ongoing evolution of biophysical characterization. 
Future technological development will likely continue to 
increase the diversity of molecular dimensions that can be 

interrogated within the same experimental context. How-
ever, the value of these advances will depend not only on the 
quantity of information generated, but also on the ability to 
preserve the physical meaning of individual measurements 
while integrating them into coherent molecular descriptions. 
Consequently, future multidimensional platforms will be 
judged not simply by the amount of data they generate, but 
by their ability to support mechanistic interpretation across 
multiple dimensions of molecular behavior.

Remaining technical challenges

Despite substantial progress, important challenges remain. 
Many biophysical measurements remain sensitive to sam-
ple quality, heterogeneity, aggregation, concentration effects, 
surface interactions, model assumptions, and experimen-
tal design. Different platforms often interrogate different 
aspects of the same system and may not always produce 
immediately consistent interpretations.

Multidimensional characterization introduces additional 
complexity because integrating multiple measurements can 
also integrate multiple sources of uncertainty. Experimen-
tal disagreement may arise from differences in timescale, 
molecular population sensitivity, detection principle, or 
physical context rather than from experimental error alone. 
As a result, future progress will require improved strategies 
for identifying, quantifying, communicating and treating 
uncertainty across experimental workflows.

Another challenge involves the interpretation of increas-
ingly complex datasets. Methods such as HDX-MS, native 
MS, mass photometry, and integrative structural approaches 
can generate information-rich datasets that require sophisti-
cated computational analysis and careful experimental con-
trols (Konermann and Scrosati 2024; Masson et al. 2019). 
Continued advances in data analysis, validation strategies, 
and uncertainty assessment will therefore remain essential.

Standardization, interoperability, and data fusion

The long-term success of multidimensional biophysics may 
depend as much on standardization as on instrumentation. 
As datasets become increasingly heterogeneous, reproduc-
ible interpretation requires common standards for reporting, 
metadata capture, uncertainty estimation, and data exchange.

Efforts in HDX-MS have already demonstrated the 
value of community-driven recommendations for experi-
mental design, interpretation, and reporting (Masson et al. 
2019). Similarly, integrative structural biology has devel-
oped frameworks for combining heterogeneous experimen-
tal information while maintaining transparency regarding 
assumptions, uncertainties, and model quality (Rout and Sali 
2019). Initiatives such as PDB-Dev and the IHM-CIF stand-
ard further illustrate how data standards and specialized 
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repositories can support reproducible integrative modeling 
workflows (Vallat et al. 2021, 2024).

The FAIR principles provide an additional foundation by 
emphasizing that scientific data should be findable, acces-
sible, interoperable, and reusable (Wilkinson et al. 2016). 
These concepts are likely to become increasingly important 
as multidimensional characterization generates larger and 
more interconnected datasets.

The continued growth of multidimensional biophysics will 
require experimental, computational, and community frame-
works that support reproducible integration of heterogeneous 
molecular data. Standardization, interoperability, transparent 
uncertainty assessment, and accessible data infrastructures will 
therefore become increasingly important as biophysical charac-
terization expands across experimental scales and disciplines.

Conclusions

The progression described throughout this review reflects 
a broader transformation in how molecular systems are 
experimentally characterized and interpreted. Advances 
in instrumentation, orthogonal workflows, and integrated 
characterization platforms have expanded the breadth of 
molecular information that can be obtained from a single 
experimental context, enabling molecular recognition to 
be examined through multiple complementary biophysical 
dimensions rather than isolated measurements.

These developments support a shift from interpreting the 
biophysical properties as independent experimental outputs 
toward viewing them as complementary descriptors of a com-
mon molecular-state landscape. In this review, we propose 
state-centric biophysics as an interpretive framework for inte-
grating these measurements into experimentally supported 
descriptions of the molecular states that govern biological 
mechanism, efficacy, selectivity, and therapeutic response.

Ultimately, the future impact of multidimensional biophys-
ics will depend not simply on generating additional data, but 
on improving our ability to identify, characterize, and interpret 
the molecular states that determine biological function. As 
experimental characterization continues to evolve, the central 
challenge of modern biophysics is increasingly shifting from 
measuring molecular properties to understanding the molecu-
lar states that underlie biological behavior.
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