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Single-molecule biophysical techniques enable the study of biological systems

by directly observing individual molecules and events, rather than measuring

population averages. These approaches reveal transient states, rare events, con-

formational dynamics, and subpopulations that are often obscured in biochemi-

cal assays. The application of single-molecule methods has been limited by

technical complexity and the need for specialized instrumentation. Recent stan-

dardization of protocols, methodologies, and platforms has lowered these bar-

riers, enabling broader adoption and promoting interdisciplinary collaborations

that facilitate integration into biochemical research. In this review, we discuss

how ensemble biochemistry and single-molecule approaches are complemen-

tary, outline commonly used single-molecule techniques, and illustrate their rel-

evance through two representative case studies: chromatin organization by

SMC complexes and pathway choice during DNA double-strand break repair.
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The value of single-molecule
resolution

Biological systems are composed of individual mole-

cules whose collective behavior gives rise to cellular

function. Such complex systems are most often studied

using ensemble assays, in which signals originating

from many individual molecular events are measured

simultaneously and reported as a population average

(Fig. 1A). Ensemble approaches have been instrumen-

tal in identifying molecular components, defining path-

ways, and quantifying activity rates and remain central

to biology research [1,2]. However, population aver-

ages mask differences between individual molecules,

sometimes leading to distinct populations being

observed as equal (Fig. 1A) [3]. In addition, rare or

short-lived events that may be critical for biological

function are missed [4]. Lastly, subpopulations or

localized processes often do not measurably perturb

the global equilibrium of a system. As a result, their

signatures become diluted within ensemble signals and

are difficult to detect.

Single-molecule approaches address these

ensemble-average limitations by directly observing

individual molecules and molecular events (Fig. 1B).

This shift in perspective reveals stochastic dynamics,

molecular heterogeneity, and nonequilibrium processes

that are fundamental features of biological systems at

the molecular scale [5].

Abbreviations

53BP1, p53-binding protein 1; AFM, Atomic force microscopy; ATP, Adenosine triphosphate; ATPase, Enzyme that hydrolyzes ATP; BARD1,

BRCA1-associated RING domain protein 1; BRCA1, Breast cancer type 1 susceptibility protein; CtIP, CtBP-interacting protein; DNA, Deoxyri-

bonucleic acid; DNA-PKcs, DNA-dependent protein kinase catalytic subunit; DSB, Double-strand break; HR, Homologous recombination; Ku,

Ku70 and Ku80 heterodimer; MP, Mass photometry; MRN, MRE11, RAD50 and NBS1 protein complex; MT, Magnetic tweezers; NHEJ,

Nonhomologous end joining; OT, Optical tweezers; SMC, Structural maintenance of chromosomes; smFRET, single-molecule F€orster (or

Fluorescence) resonance energy transfer; TIRFM, Total internal reflection fluorescence microscopy.

1FEBS Letters (2026) ª 2026 The Author(s). FEBS Letters published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.

https://orcid.org/0000-0001-6784-9955
https://orcid.org/0000-0001-6784-9955
https://orcid.org/0000-0001-6784-9955
mailto:jorine.eeftens@ru.nl
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2F1873-3468.70444&domain=pdf&date_stamp=2026-08-19


In this review, we introduce the basic principles

underlying single-molecule biophysics and explain how

they complement ensemble biochemical assays, focus-

ing on systems probing DNA–protein interactions.

Through selected examples, we illustrate how the com-

bination of biochemical specificity and single-molecule

resolution enables a deeper, more quantitative under-

standing of fundamental biological processes.

Quantifying individual molecular
behavior

Single-molecule techniques provide access to biological

information often hidden in ensemble biochemical

measurements. In Table 1, we outline common experi-

mental approaches and the main categories of infor-

mation accessible through these single-molecule

measurements. We refer the reader to suggested litera-

ture to explore the techniques in more detail.

One of the fields that has benefited significantly from

the combination of biochemistry and single-molecule

biophysics is understanding protein–DNA interactions.

This field includes the study of DNA replication, tran-

scription, chromosome organization, and DNA repair,

all of which involve proteins dynamically engaging

with, moving along, or remodeling DNA molecules.

Understanding the precise conditions and mechanisms,

governing these binding interactions is fundamental to

deciphering how the genome folds and functions. Bulk

biochemistry provides essential data, such as average

binding affinities through concentration-dependent

titration assays, but is inherently limited by ensemble

averaging. Consequently, the specific topological nature

of the interactions and the existence of different bind-

ing modes remain undetected.

Fluorescence-based single-molecule approaches can

fill this gap by direct visualization of protein binding

and molecular movements. For example, with total

internal reflection fluorescence microscopy (TIRFM),

the interaction of labeled proteins with DNA stretched

on a surface can be visualized in real time, extracting

parameters such as sequence preference, protein dwell

time, and even conformational changes to the DNA

[17,18]. By using either flow stretching or DNA cur-

tains, DNA molecules can be immobilized on a sur-

face, providing a platform for TIRFM to track

protein–DNA interactions in real time [19–21].
Another step can be taken by labeling proteins in

clever ways to distinguish dynamic switches between

binding conformations with single-molecule F€orster

resonance energy transfer (smFRET) [22,23]. This type

of kinetic information is fundamental to understand

how proteins search for target sequences on DNA

molecules, or how they assemble into complexes once

bound to DNA.

Fluorescently labeling proteins is not always conve-

nient or necessary. Label-free techniques like mass

photometry (MP) can also provide conformational

information and molecule-to-molecule variability. MP

functions as a molecular scale: It determines the

Fig. 1. Single-molecule techniques see beyond ensemble averages. (A) Three distinct populations yield the same average gray value in an

ensemble read-out. (B) Single-molecule techniques reveal the distribution of gray values and their relative abundances within populations,

enabling distinction of rare events and subpopulations. Note that any standard deviation in bulk experiments must come from experimental

repetition, whereas single-molecule experiments reveal distributions directly even within the same experiment.
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molecular mass of particles in solution from scattered

light [8]. This parameter reveals protein–protein and

protein–DNA complex stoichiometry, enabling rapid

identification of oligomeric states in heterogeneous

assemblies [9].

In cells, the DNA is constantly being pulled and

twisted by molecular motors such as helicases, poly-

merases, and chromatin remodelers. To mimic such

forces, typically on the piconewton scale, single-

molecule force spectroscopy techniques, including

optical tweezers (OT), magnetic tweezers (MT), and

atomic force microscopy (AFM), can pull on individ-

ual DNA molecules. They thus enable controlled

application of force while monitoring DNA extension

or protein activity in real time [24,25]. The resulting

force-responses can be used to determine the mechani-

cal properties of DNA [26]. By making changes to the

environment of the measurement, for example, by

exchanging buffer conditions or protein availability,

the effect of these changes can be quantified. Magnetic

Table 1. Single-molecule techniques and examples of biological information they can uncover.

Single-molecule techniques Examples of biological information Ref.

Atomic force microscopy (AFM) • Molecular structure (shape, size)
• Complex assembly and oligomerization
• Molecular interactions
• Conformational states
• Event-based dynamics (high-speed AFM)
• Mechanical properties (force spectroscopy)
• Energy landscapes (transition states and barriers)

[6]

Magnetic tweezers (MT) • Kinetics (rates, dwell times, pausing, processivity)
• Intermediate states and sequential steps
• Mechanical response to force and torque
• Force-extension behavior (DNA, RNA, hybrids)
• Event-based dynamics and variability
• Conformational changes (nuclei acids, proteins, . . .)
• Energy landscapes (transition states and barriers)

[7]

Mass photometry (MP) • Molecular mass
• Stoichiometry and oligomerization
• Sample heterogeneity and integrity
• Binding/dissociation dynamics

[8,9]

Nanopores • Molecular structure (shape, size)
• Translocation dynamics
• Event-based dynamics (binding and dissociation)
• Conformational changes
• Event-based dynamics and variability

[10]

Optical tweezers (OT) • Kinetics (rates, dwell times, pausing, processivity)
• Intermediate states and sequential steps
• Mechanical response to force and torque
• Force-extension behavior (DNA, RNA, hybrids)
• Event-based dynamics and variability
• Conformational changes (nuclei acids, proteins, . . .)
• Energy landscapes (transition states and barriers)

[11,12]

Single-molecule FRET (smFRET) • Molecular interactions (colocalization)
• Conformational changes
• Intermediate states and sequential steps
• Kinetics (residence times, transition rates)
• Event-based dynamics and variability

[13]

Single-molecule localization microscopy (SMLM) • Spatial organization and heterogeneity
• Molecular colocalization and complex assembly
• Molecular dynamics (live-cell SMLM)

[14]

TIRF microscopy • Spatial organization (position, diffusion)
• Molecular colocalization
• Molecular dynamics (binding, dissociation)
• Kinetics (residence times, association rates)
• Intermediate states and sequential steps
• Event-based dynamics and variability

[15,16]
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tweezers provide the additional dimension of introduc-

ing torque on DNA, so the effect of proteins on super-

coiling can be studied [27]. In some cases, force can

also be used to study the stability of protein–protein
or protein–DNA configurations, providing structural

insight [28,29]. A primary example of how these tech-

niques complement bulk biochemistry is in nucleosome

topology. Biochemistry is used to assemble and esti-

mate degree of nucleosome formation, while

single-molecule force measurements can determine the

exact unwrapping forces of inner and outer turns [30].

Force spectroscopy becomes particularly powerful to

understand DNA–protein interactions when combined

with fluorescence microscopy, as it allows simulta-

neous manipulation and visualization of protein–DNA

systems [11]. As mentioned for TIRFM based

approaches, visualizing protein–DNA interactions in

real time reveals parameters such as sequence prefer-

ence, and protein dwell time or mobility. By combin-

ing with force spectroscopy, the preference or

resistance for certain DNA topologies can be revealed.

For example, proteins can lose specificity when DNA

is overstretched, or resist looping when there is too

much force on the DNA. Force-fluorescence hybrid

approaches are also particularly useful for studying

complex biological processes that are otherwise diffi-

cult to access, such as protein interactions with

single-stranded DNA [31–34], which is highly flexible

and tends to collapse in solution, or interactions

involving Holliday junctions, or other dynamic DNA

structures [35–37].

Case studies: Insights gained from
single-molecule approaches

Chromatin organization by SMC proteins

Structural maintenance of chromosomes (SMC) pro-

tein complexes are key players in chromatin organiza-

tion. They are found in archaea, bacteria, and

eukaryotes and possess a distinctive ring-like

structure [38,39] (Fig. 2A). Although structure and

composition vary between classes and species, the rings

always include two SMC monomers with long, flexible

coiled-coil regions. These are joined at one end by

dimerized hinge domains and at the other end by a

non-SMC bridge protein between their ATPase

domains [38,40,41]. Eukaryotic cells have three classes

of SMC complexes—cohesin, condensin, and SMC5/6

—each exhibiting distinct roles in genome organization

and DNA repair [39,40].

Before single-molecule techniques became prevalent,

conventional biochemical assays revealed important

characteristics, such as the structural architecture

[42–45] and ATPase activity [46–48]. However, a mech-

anistic insight into the molecular mechanism underly-

ing its function in chromatin organization remained

lacking. It was hypothesized that SMC proteins play a

role in genome organization by using their ATPase

domains for motor activity, thereby enabling loop

extrusion, where a small DNA loop is enlarged via

active DNA translocation [41,49–51] (Fig. 2B).

Although bulk biochemistry provided evidence for

ATPase activity [47,48], evidence of loop extrusion was

provided later by single-molecule work, where DNA

flow stretching combined with fluorescent imaging

showed single condensin molecules performing loop

extrusion in real-time [51]. This direct observation was

only possible through single-molecule work, resolving

a long-standing debate in the field.

Although loop extrusion has been generally accepted

as an organizational principle, the precise molecular

steps remain unresolved [52]. Several models have been

proposed including the Brownian ratchet [53], segment

capture [54], and scrunching model [41,55]. An impor-

tant yet unresolved aspect in loop extrusion is the

loading of SMCs onto the DNA. This can either be

topological, where the SMC protein encircles the

DNA, pseudotopological where a growing DNA loop

enters the SMC complex, or nontopological in which

case DNA associates externally [56] (Fig. 2C). To

study the DNA-binding mode of SMC complexes,

Fig. 2. SMC complexes. (A) Cartoon representation of a SMC complex. (B) SMC complexes can extrude loops from dsDNA. (C) Reported

topological and nontopological binding modes of SMC.
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pull-down assays have been used to selectively copurify

SMC complexes bound to circular DNA. The DNA is

then cut to linearize it, hypothesizing that if the SMC

complex binds topologically, it slips off the DNA,

whereas it would remain associated with the linearized

DNA if bound nontopologically, which is then

detected by comigration on gel electrophoresis, or

Southern blot. Using these biochemical assays, topo-

logical association somewhere within the SMC com-

plex was found for condensin and SMC5/6 [57,58],

whereas both topological and nontopological binding

was shown for cohesin [59]. However, these works

were not sufficient to deduce loading mechanism of

SMC complexes. A single-molecule DNA

flow-stretching experiment in combination with fluo-

rescent imaging was designed to specifically address

this gap at the single-molecule level. In these assays,

the authors introduced a roadblock on the DNA,

which was bigger than the ring size of the SMC com-

plexes, and reasoned that a topologically bound pro-

tein would not be able to bypass it. However, they

observed that both cohesin and condensin were able

to traverse this roadblock, pointing toward a nontopo-

logical model. These direct observations in

single-molecule observations thus contradicted previ-

ous ensemble measurements [60]. To provide further

mechanistic insight into the loading, single-molecule

techniques were also used to study the conformational

changes within the SMC complexes. By using

high-speed AFM, the dynamic protein conformation

of the SMC complex was revealed [55,61]. One study

showed the condensin complex cycling between an

open and collapsed conformation [55], which aligns

with another study where dynamic switching between

open-arm and closed-ring state was observed in the

cohesin complex [61].

Supercoiling by SMC complex condensin had long

been observed in biochemical assays [62–64], and

decades later, single-molecule measurements showed

the mechanistic details of the process. The unique tor-

que measurement capabilities of single-molecule mag-

netic tweezers measurements showed that all three

SMC complexes induced negative supercoiling, while

compensatory positive supercoils formed outside the

extruded loop [65]. Furthermore, AFM and DNA

flow-stretch experiments detected a preferential binding

of SMCs to supercoiled DNA at the stem of an

extruded loop, while generating supercoils [66].

Overall, these findings shed light on the intricate

mechanisms by which SMC complexes efficiently orga-

nize DNA. Our current mechanistic understanding is

the result of integrating insights from both biochemical

and single-molecule studies.

DNA double-strand break repair: Pathway choice

between NHEJ and HR

DNA in cells is constantly engaged in essential biologi-

cal processes, such as replication and transcription,

and is therefore susceptible to damage. In addition,

exposure to endogenous metabolic byproducts or

external agents, such as ionizing radiation, can also

damage DNA. Among the different types of DNA

lesions, double-strand breaks (DSBs), where both

strands of DNA are severed, are particularly toxic

[67,68]. Failure to properly repair these lesions can

lead to mutations and inappropriate genome rearran-

gements underlying various human diseases [69–72].
To maintain genome integrity, eukaryotic cells rely on

two main pathways to repair DSBs: nonhomologous

end joining (NHEJ) and homologous recombination

(HR) (Fig. 3). NHEJ is a fast process that directly

Fig. 3. Early steps of DNA double-strand break repair.
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ligates DNA ends with minimal processing, whereas

HR is a slower but more accurate pathway that

requires a homologous DNA template [73,74]. The

balance between these pathways must be tightly regu-

lated, as it determines the trade-off between repair

speed and fidelity. Ensemble cellular assays measuring

cell survival and DNA damage sensitivity in repair-

deficient mutants have established that both pathways

play complementary roles in maintaining chromosomal

integrity [75–78]. Structural and biochemical studies

have elucidated the major protein complexes involved

in both pathways and how they recognize and process

the ends [79–84]. However, some aspects of DSB

repair initiation remain unresolved, and single-

molecule techniques are beginning to provide addi-

tional insights.

The cell cycle is one of the strongest inputs in the bal-

ance between NHEJ and HR. In G1, as HR is limited

by the absence of a sister chromatid, NHEJ dominates.

Shortly after a DSB forms, the abundant ring-shaped

Ku70/Ku80 heterodimer (Ku) rapidly binds the exposed

DNA ends with high affinity [85]. Once bound, Ku pro-

tects the DNA from nuclease activity and promotes

classical NHEJ by recruiting the core NHEJ machinery,

which includes DNA-PKcs [86,87] (Fig. 3). Concur-

rently, the multi-domain protein 53BP1 is recruited to

the damaged chromatin where it protects the DNA ends

from HR-associated nucleases [88,89].

In S/G2, repair regulators shift this balance. The

complex formed by BRCA1-BARD1 counteracts

53BP1-dependent end protection, pushing repair

toward HR [90–92]. The HR pathway is initiated

through processing of the broken DNA ends, generat-

ing a 30 overhang critical for homology search in

downstream steps. This initial step, known as resec-

tion, starts with a minimal 50-30 processing mediated

by the MRN complex together with CtIP [93]. BRCA1

also plays a structural role by forming a complex with

CtIP and MRN at the DNA end, as shown by co-

immunoprecipitation assays [94] and single-molecule

super-resolution imaging in human cells [95]. Once the

DNA ends undergo 50-30 resection by MRN, they are

further processed by the exonucleases which extend the

30 overhang (Fig. 3). Now, the ends are no longer

compatible with classical NHEJ and repair becomes

committed to a homology-based pathway.

However, even in S/G2 phase, when BRCA1-

dependent HR is favored, binding of Ku to DSB ends

is not prevented, nor is the subsequent recruitment of

NHEJ machinery. As abundant Ku rapidly binds

DNA ends upon DSB formation, the HR machinery

must somehow overcome the Ku blocks at the DNA

ends to initiate the HR pathway, starting with DNA

end resection. Bulk cellular assays in which DSB ends

were blocked with immobile Ku showed reduced DNA

end resection and HR [96], supporting the idea that

Ku had to be removed before HR initiation could

occur. However, later single-molecule DNA curtains

experiments, where multiple DNA molecules were

monitored in the presence of fluorescently labeled pro-

teins, revealed that Ku does not necessarily need to be

removed before resection, but can instead be displaced

during the resection process. This single-molecule

study provided the first direct evidence that MRN can

access and process Ku-bound DNA ends [97]. Specifi-

cally, it showed that MRN, either alone or in complex

with CtIP, scans DNA by one-dimensional diffusion

and, upon encountering a Ku-bound end, initiates

endonuclease activity that promotes Ku eviction [97].

A later study, also using DNA curtains, revealed that

the presence of Ku and DNA-PKcs at the DNA ends

directly stimulates the MRN endonuclease activity,

thereby promoting DNA end resection [98]. These

findings contradict the earlier interpretation that Ku

had to be removed before resection could initiate and

instead suggest that Ku and DNA-PKcs actively con-

tribute to resection initiation by stimulating end pro-

cessing by the HR machinery: a level of mechanistic

detail that could only be obtained through single-

molecule approaches.

Single-molecule localization microscopy in human

cells further confirmed that Ku removal specifically

depends on MRN endonuclease activity, while being

largely unaffected by MRN exonuclease activity [95].

More recently, smFRET experiments with Xenopus egg

extract revealed that the MRN complex removes the

NHEJ machinery from the DNA ends through an

ATP-dependent translocase activity, a previously

unrecognized function of MRN [99]. These transient

mechanistic intermediates are masked in population-

averaged read-outs.

Interestingly, while the examples discussed above

demonstrate how NHEJ factors contribute to HR ini-

tiation, the opposite interplay has also been observed

in human cells arrested in G1. In these cellular assays,

limited MRN- and CtIP-dependent processing was

required to remove protein blocks from DNA ends

and promote NHEJ progression [100]. Together,

ensemble-based and single-molecule observations

strongly suggest that HR and NHEJ share common

early intermediates that may remain partially reversible

and mechanistically interconnected with pathway com-

mitment emerging progressively as DNA end proces-

sing proceeds.
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Historically, DSB repair pathway selection was

viewed as a binary process based on a competition

model, but there is now increasing evidence that repair

initiation involves a coordinated and dynamic inter-

play between proteins from both pathways. Future

studies combining biochemistry with direct single-

molecule visualization of protein–DNA interactions

will further reveal the mechanistic details of transient

intermediates and clarify how this dynamic interplay

regulates repair pathway balance across different chro-

matin contexts.

Conclusions and perspectives

Single-molecule biophysics has transformed how we

study biological systems by allowing direct observation

of individual molecules and events, revealing heteroge-

neity, rare states, and dynamic processes that are often

hidden in ensemble measurements. At the same time,

ensemble biochemical assays remain essential for defin-

ing molecular components, measuring population-level

behavior, and establishing the broader regulatory

framework of biological systems. In other words,

single-molecule methods reveal molecular-scale behav-

ior, while ensemble assays reveal the system-level

behavior. Together, these methods form a comprehen-

sive and quantitative toolkit for dissecting molecular

mechanisms in biological systems.

In the past, single-molecule biophysics was largely

confined to specialized laboratories with strong back-

grounds in physics. Many experiments relied on

custom-built instruments that had to be built and

maintained in-house. This required expertise in optics,

laser systems, and access to mechanical workshops and

specialized tools. As a result, even though single-

molecule approaches offered unique insights, they

remained difficult to implement in most laboratories.

Over the past decade, this situation has changed. The

standardization of protocols, methodologies, and plat-

forms has lowered technical barriers and enabled

broader adoption. A growing number of companies

now provide commercially available instruments for

single-molecule experiments, including optical tweezers,

fluorescence imaging technologies, or nanofabricated

devices. As a result, some single-molecule experiments

are no longer restricted to specialized laboratories and

are becoming part of standard experimental workflows

by direct adoption. At the same time, more technically

demanding single-molecule experiments are being

effectively exploited through collaborations with dedi-

cated single-molecule biophysics laboratories.

Looking forward, advances in molecule throughput,

data analysis, and hybrid experimental platforms will

enable more comprehensive and quantitative

studies. Beyond fundamental research, single-molecule

approaches can be incorporated into industrial appli-

cations, from drug screening to material characteriza-

tion at the molecular scale. As methods continue to

mature and become more accessible, their potential

for clinical and industrial applications is expected to

grow. In addition, extending single-molecule tech-

niques to more complex and physiologically relevant

environments, including living cells, will help bridge

the gap between molecular mechanisms and cellular

function.
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