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This perspective discusses the future role of all-optical label-free single-molecule sensing. After
summarizing the core working principles of the different detection modalities we discuss future
research directions in terms of technology development and applications. In terms of future
technologies we address research directions in the areas of multi-parametric and interaction free
sensors, integration and miniaturization, and advanced data analysis. We further describe potential
applications towards probing of protein interactions, DNA and protein sequencing, and molecular

diagnostics.

Biomolecules such as proteins and nucleic acids play essential roles in
various biological processes, including metabolism, genetic replication,
molecular transport, and the maintenance of cellular and tissue structure.
Their functional mechanisms are intricately linked to their chemical com-
position and structural characteristics, such as sequence and three-
dimensional conformation. Moreover, the concentrations of these biomo-
lecules often fluctuate in pathological conditions, offering valuable bio-
markers for disease diagnosis when accurately quantified. Consequently, the
detection and analysis of biomolecules represent a critical area of scientific
research, with biomolecular sensors serving as indispensable tools for elu-
cidating molecular function and enabling clinical diagnostics.

Optical sensors play a central role in the field, which started in 1941
when Albert Coons developed methods to fluorescently label antibodies and
detect them by immunofluorescence'. This discovery revolutionized the
field of biomolecular detection because it led to the development of Enzyme
Linked Immunosorbent Assays (ELISA) in 1971*". ELISA in its current
form sensitively detects nearly any protein with unrivaled sensitivity because
the signal is amplified by fluorescently labeled antibodies or enzymes.
Similarly, a new method was developed for the highly sensitive detection of
nucleic acids which was termed Polymerase Chain Reaction® and has since
become the gold standard for nucleic acid detection.

Around the same time, methods for biomolecular detection were
developed that do not require fluorescent (or other) labels. In the late sixties,
optical excitation of surface plasmon resonances (SPR) by means of atte-
nuated total reflection was demonstrated by Kretschmann and Raether’ and
Otto®. The use of such SPR for biomolecular detection was demonstrated in
1983 by Liedberg et al.”. Local changes in refractive index in the vicinity of a

gold film induce a resonance shift, a sensing mechanism that relies solely on
the optical density of the biomolecule. Combined with fluidics, SPR sensors
enable the quantification of binding kinetics and equilibria, and have
become a workhorse technology.

The above technologies are all so-called ensemble-averaged methods:
the signal is accumulated across many molecules, in some cases up to a
trillion. An increasing number of studies shed light on the importance of
monitoring individual biomolecules, a notion that was further amplified by
the first detection of the optical absorption by a single molecule at cryogenic
temperatures in 1989 by Moerner and Kador®. 1 year later, Orrit and Ber-
nard detected a fluorescence signal from a single molecule, also at cryogenic
temperatures’. Yet a few years later, single-molecule fluorescence was
detected at room temperature'’, thereby opening the window to biological
applications. Since then, fluorescence has been the main tool for single-
molecule detection and has become indispensable in the fields of life- and
materials science.

Although widely employed, single-molecule fluorescence is funda-
mentally restricted to species that exhibit a sizeable quantum yield (typi-
cally > 0.1). Detection of weakly and non-emitting species is thus often done
by fluorescently labeling the molecule of interest. However, such labeling is
not always possible (e.g., in applications like biosensing) and not always
desired (e.g., because fluorescence labeling perturbs the molecule under
study)"". Starting in the 2010s, this has sparked major efforts to achieve so-
called “label-free” sensors with single-molecule sensitivity.

Label-free single-molecule detection has been demonstrated using two
broad classes of sensors: resonator-based sensors (plasmonic and photonic)
and interferometry-based sensors (interferometric scattering). Several
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excellent reviews have been published in the past years that provide an
overview of these approaches and highlighted the technology behind these
detection methods'*™'°. In this perspective, we take a different approach and
will only shortly highlight the different detection methods and thereafter
focus on future perspectives. We discuss the future perspectives along two
directions: the further development of the technology to increase its cap-
abilities, and the integration of the technology in relevant application areas.
Before continuing, it is pertinent to wonder which advantages single-
molecule detection brings over ensemble-averaged approaches. The
advantages are threefold: first, single-molecule sensors provide digital sig-
nals, enabling the direct counting of molecules and/or interactions. This has
particular advantages in diagnostics where low concentrations of biomarker
need to be quantified, sometimes against slowly varying background signals.
Second, it enables the detection of molecular processes that are not syn-
chronized in time. Examples are conformational dynamics, equilibrium
interaction kinetics, biomolecular folding, and the vast majority of complex
biomolecular mechanisms. Third, it enables the analysis of heterogeneity
within a seemingly homogeneous sample because the characteristics of each
single-molecule event are directly resolved (e.g., the signal amplitude or the
state-lifetime). This enables the distinction between different populations of
biomolecules caused by, e.g., sequence or conformational heterogeneity.

Sensing modalities

Several technologies have been reported in the past 15 years that achieve all-
optical label-free single-molecule detection. We restrict ourselves to tech-
nologies that resolve local changes in refractive index at ambient tempera-
ture: these are the most generic single-molecule detection methods because
they do not rely on a strong absorption'”", fluorescence'’, or Raman
scattering' ™’ of the molecule. We also restrict ourselves to describing only
their main features to give the reader a flavor of the working principles,
allowing us to focus on the future perspectives of the techniques. We refer
the reader to two recent reviews for an exhaustive overview of the state-of-
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the-art™*.

Resonator-based sensing

Plasmonics. In the early 2000s, the field of label-free plasmon sensing
focused on the optical detection of the plasmon wavelength shift of single
biofunctionalized metallic particles for biosensing™. Advances in wet-
chemical synthesis then lead to a major step in sensitivity because the
plasmon resonance of nanorods and bipyramids™ is narrower and
exhibits higher field enhancements due to sharper geometrical features™.
True single-molecule resolution without statistical averaging was
demonstrated in 2012 simultaneously by Ament et al.”* and by Zijlstra
et al.”. Initial implementations used single-particle microscopy to probe
the plasmon wavelength shift of a single particle at a time, but in 2015, the
use of wide-field microscopy enabled the interrogation of hundreds of
sensors in parallel”.

In a different approach, propagating plasmon resonances on metallic
films are exploited for single-molecule detection. Such platforms do not
monitor resonance shifts of plasmonic nanostructures, but rather exploit the
strong evanescent field associated with the propagating plasmon on a
metallic film that polarizes a nearby molecule’. Early implementations are
coined SPR imaging, wherein the reflected intensity of a metallic film is
monitored on a camera™, see Fig. 1b. This reveals nanoscale scattering
objects on the film as a perturbation of the propagating plasmon and was
first employed to detect single viruses™ and later single proteins™. It is worth
noting that in these plasmonic microscope sensors the single-molecule
sensitivity arises from both SPR and interferometric mechanisms which will
be discussed below. In a different approach, plasmon-enhanced fluores-
cence in the UV has been demonstrated for the detection of single proteins
by their autofluorescence that is induced by tryptophan residues™.

The above plasmonic approaches have been applied for the detection
IgG, IgM, and IgA, which are relevant biomarkers for diagnostic applica-
tions. The strongly confined field associated with plasmon resonances has
also enabled the tracking of translational and rotational diffusion of single

particles and single molecules through the near-field of the nanoparticle on
nanosecond timescales” . Probing of conformational dynamics has also
been demonstrated using e.g., nanoparticle dimers where the molecule of
interest is sandwiched between two particles’ ™, a nanoparticle-on-film
sensor where the molecule is sandwiched between a planar film and a
particle”, or for a tethered molecule above a metallic film”.

Nano-apertures. In an alternative approach, single proteins can be
trapped and detected by laser light focused on a double nanohole aperture
in a metal film", see Fig. 1c. Strong electric field gradients in the aperture
region induce protein trapping in a range of nanoaperture shapes, e.g.,
coaxial " or bowtie* geometries. The transmission of the aperture is
modulated upon biomolecular trapping, which can be exploited to detect
short single stranded DNA®, proteins or peptides*. The Brownian
motion of the trapped molecule induces signal fluctuations that allow for
characterizing hydrodynamic properties of the protein®. In addition, the
amplitude of the scattering signal fluctuations scales linearly with the
protein mass and is less dependent on the hydrodynamic properties.

The trapping with nanoapertures has been attributed to the self-
induced back-action effect, where the presence of a nanoparticle shifts the
resonance of the aperture to increase the local electromagnetic field intensity
and thereby enhance the trapping efficiency***. There is also an interfero-
metric component to the sensing signal (like interference scattering in
Section “Interference-based sensing”), which enhances the ability to detect
proteins even before trapping”. An important feature of nanoaperture
optical tweezers is that the gold film is a good thermal conductor that limits
typical temperature increases to a Kelvin per milliwatt of laser power® .

As such, nanoaperture optical tweezers resolve the dynamics of single
proteins for hours™. Conformational dynamics of proteins and binding
events give rise to changes in the detected laser signal>*’, which has been
quantified theoretically through changes in the polarizability of the protein™
and experimentally by the observation of the disassembly of molecular
complexes™”. Nanoaperture optical tweezers can also be combined with
Raman systems to get information about the trapped nanoparticle®, or
with nanopores for simultaneous optical and electrical signal characteriza-
tion of biomolecules and their interactions™*"*.

Microcavities. Optical microcavities of different shapes (Fig. 1e) confine
electromagnetic waves through internal reflection, thereby generating
resonance conditions at specific frequencies. A notable example, the
whispering gallery mode (WGM) microcavity, is named after an acoustic
phenomenon described by Lord Rayleigh in the 19th century when he
heard whispers travelling around the dome of London’s St Paul’s
Cathedral. In one implementation, glass microspheres of ~100 pm in
diameter are used because they exhibit quality factors as high as ~10""
thereby enabling sensitive probing of resonance shifts due to local
refractive index changes®® for biological and physical sensing’’.

A further improvement in sensitivity can be gained by modifying the
cavity with plasmonic nanostructures, such as gold nanorods. Such opto-
plasmonic approaches enhance the sensitivity due to further field confine-
ment at the nanorod’s tips (similar to the plasmon sensing modality
described above)”'. These platforms have enabled label-free detection of a
variety of biomolecules such as proteins, oligonucleotides and small
molecules” . In addition, the activity of enzymes and conformational
dynamics” can be probed by exploiting the motion of the biomolecule in the
strong field gradient near the nanoparticle’s surface. Recently, mode-
splitting” and photoacoustic effects have been exploited to detect single
nanoparticles and cells using WGM sensors’”.

A promising emerging optical microcavity for single-molecule sensing
is the Fabry-Pérot (FP) cavity, formed by the ends of two optical fibers that
face each other to create a water-filled open-access’ sensing cavity (Fig. 1).
When higher optical powers are coupled, the thermo-optical effect induced
by water absorption provides single-molecule sensitivity down to single
small peptides. The signal generation mechanism is highly non-linear: the
added polarizability of a non-absorbing single molecule slightly shifts the
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Fig. 1 | Overview of reported sensing modalities that exploit all-optical detection
of local refractive index contrast. Approaches based on a, b optical microscopy of
single plasmonic nanoparticles and metallic films, ¢, d optical transmission
probing of nanometric apertures in a metal film, e, f optical spectroscopy of
whispering gallery modes and Fabry Perot resonances in dielectric microcavities,
g, h interferometric scattering microscopy, and i, j interferometric nanofluidic
scattering microscopy. a Reproduced with permission from”. Copyright 2015
American Chemical Society. b Adapted with permission from**'*. Copyright

2024 American Chemical Society and 2018 National Academy of Sciences.

e Adapted with permission from”. Copyright 2021 The Authors. f Adapted
withpermission from®. Copyright 2024 Springer Nature. h Adapted with per-
mission from*"”*”’. Copyright 2004 American Physical Society. Copyright 2014
Springer Nature. “This is an unofficial adaptation of an article that appeared in an
ACS publication. ACS has not endorsed the content of this adaptation or the
context of its use.” j, k Reproduced with permission from™. Copyright 2022
Springer Nature.
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(thermally locked) cavity which triggers a cooling cascade. This cascade
causes a rapid shift of the cavity resonance’” and results in large signal
amplitudes even for small molecules like peptides®. Unlike the WGM
resonators discussed above, this scheme does not require biofunctionali-
zation of the sensor surface but rather detects properties (e.g,, size) of freely
diffusing molecules.

Interference-based sensing

The above detection modalities exploit resonances and their shifts for bio-
molecular detection. Here, we describe single-molecule sensing strategies
that rather use interference for signal amplification.

Interferometric scattering microscopy. In microscopy-based detection
the challenge to achieve (label-free) single-molecule sensitivity arises
from detecting the small changes to an image resulting from the presence
of the molecule. One means to achieve this is to take advantage of
interference between (the very weak) light intensity that is scattered from
the molecule, and a reference beam. The interference signal is maximized
if scattered and reference light fields are adjusted such that they interfere
destructively. This approach has been originally popularized in the form
of phase contrast microscopy®’, and further refined in various imple-
mentations such as reflection imaging**.

In terms of raw sensitivity, interference microscopy entered the
nanoscale with the advent of nanoscience, demonstrating interference-
based detection of 5 nm metallic nanoparticles***‘. The work by Lindfors et
al. in particular launched what is now known as interferometric scattering
microscopy (iSCAT) that has been used for the detection, imaging and
spectroscopic investigation of nanoparticles'®. In iSCAT, the analyte is
usually detected in reflection at a glass water interface that provides the
reference light field by its reflection. Importantly, static imaging
background®’ can be mitigated by using atomically flat surfaces™ or by using
background subtraction to achieve near shot noise limited detection**”.

Simultaneously with others'®”", this approach led to the first extinction-
based imaging and detection of single molecules at room temperature™.
Further improvements then demonstrated label-free detection, imaging,
localization and tracking of single unlabeled proteins™ down to 60 kDa®.
The application of machine learning to iSCAT has recently reported
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detection of polypeptides as small as 9 kDa™.

Nanofluidic scattering microscopy. Nanofluidics enables control of
fluids at length scales <100 nm™ by utilizing tiny channels or “tunnels”
embedded into a solid-state substrate (often Polydimethylsiloxane
(PDMS) or SiO,) using nanofabrication techniques (Fig. 1i). Nanofluidic
scattering microscopy (NSM) exploits the interference between light
scattered by the nanofluidic channel itself, and a biomolecule inside the
channel. The optical contrast is proportional to the molecular weight of
the imaged molecule (Fig. 1j), which can be determined from a differ-
ential image as described in the section on iSCAT above. The diffusive
motion of an object, on the other hand, can be tracked along the nano-
fluidic channel to obtain hydrodynamic properties (Fig. 1k) of single
biomolecules and larger biological nanoparticles such as extracellular
vesicles™.

In terms of size and mass resolution, the integrated optical contrast of
an imaged molecule or nano-object is inversely proportional to the cross-
sectional area, A, of the nanochannel”. This means that smaller channels, in
principle, can resolve smaller objects or molecules. However, since smaller
nanochannels scatter less light and thus require higher laser power there is a
tradeoff between nanochannel size and required optical power. To date,
NSM has demonstrated the label-free detection and analysis of single pro-
teins down to 66 kDa.

The integrated optical contrast of a nanofluidic channel also depends
on the refractive index of the solution inside the nanochannel”. This enables
measurements of the absolute solute concentration in a liquid, or the con-
version of reactant molecules to a product by a single catalyst nanoparticle
localized inside the channel””*. Finally, it is possible to add a spectroscopic

dimension to NSM by measuring the spectrally resolved light scattering
intensity to determine the molar extinction coefficient of a solute™. Reliable
and easy to use surface passivation schemes have been reported, such as the
supported lipid bilayer used by Spackové et al.”® or alternative solutions'”
that render the method compatible with biological species with varying
physicochemical properties.

Future perspectives: technology development
Multi-parametric sensing

While raw detection sensitivity is a pre-requirement for sensing applica-
tions, especially at the single-molecule level, significant additional infor-
mation or control is required to convert detection into a more broadly useful
measure. If a biomolecular sample has been optimally purified and is per-
fectly homogeneous, then single-molecule detection does not provide
additional information over what is already known from the bulk. However,
when the sample is heterogeneous—be that in terms of mass, assembly, or
conformation—single-molecule information can help.

An important source of heterogeneity is mass: as a result mass spec-
trometry has become one of the most used bioanalytical technologies.
Optical approaches have recently been introduced in the form of mass
photometry (MP)'”". MP uses the linear relationship between the optical
signal and the mass of the object to not only detect, but also “weigh” the
object. Recent developments™ have added information on additional
properties, such as size, and conformation, enabled by detection in solution,
rather than on a glass surface.

Another important source of heterogeneity is caused by assembly,
which is at the basis of almost all cellular function and regulation. Most
proteins are oligomeric and held together by non-covalent interactions,
which implies that they will form a heterogeneous mixture of different
oligomers dictated by thermodynamics. Characterizing the oligomeric state
is thus of immense value, in particular when that is done as a function of
concentration, environment (pH, temperature, ionic strength) or the pre-
sence of substrates and interaction partners'”.

Additionally, there is significant potential in detecting conformational
changes that appear heterogeneously even in purified samples. Single-
molecule measurements are ideal in this context because they remove the
need for synchronization and can resolve heterogeneity naturally'”. Label-
free detection of conformational changes, however, requires a higher optical
power density to achieve sufficient signal-to-noise ratio to detect minute
changes in polarizability of the protein®®*’". Having said that, exploiting near-
field gradients'” or interferometric detection schemes could alleviate this'®.

Even more information could be obtained by using correlative detec-
tion technologies that integrate complementary optical techniques'®. Since
the 1980s, various non-destructive optical tools such as optical tweezers'”,
surface enhanced Raman spectroscopy'”, surface enhanced infrared
absorption'”, and circular dichroism spectroscopy'"’ have been developed
to probe mechanical, optical, and structural properties of biomolecules.
Combining different detection modalities will provide richer information
and may enable the correlation between e.g., chemical structure and con-
formation, or mechanical properties and interaction kinetics as shown in
Fig. 2a. Combining these technologies is an exciting challenge: some have
not yet reached single-molecule sensitivity, while their integration requires
advances in optics, protein engineering, and data analysis to extract truly
meaningful information.

Interaction-free analysis
Nonlinear FP cavities, plasmonic sensor platforms, and NSM offer exciting
prospects for interaction-free single-molecule detection, mass photometry
and protein dynamics (see Fig. 2b). For example, in high-finesse FP
microcavities with a very small mode volume, freely diffusing mole-
cules cause

detectable resonance shifts as discussed above. Unlike other single-
molecule sensing approaches, FP sensing does not require surfaces for signal
enhancement or immobilization, allowing the detection and quantification
of molecular properties in free solution. Nonlinear FP sensing has already
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shown distinct responses to different molecular weights and conformations
of single proteins and DNA, with a mass limit and measurement bandwidth
approaching 1kDa and 500 kHz, respectively”. This allows extraction of
meaningful molecular information, including size and diffusional proper-
ties, from mixtures of multiple molecular species without being perturbed by
surfaces.

Towards micro- and nanosecond sensing of freely diffusing species,
another exciting direction is the use of near-field enhancement by plasmonic
nanoparticles and interferometric measurements™”. This technique
enables detection of rapid LSPR resonance shifts from scattering signals
induced by freely diffusing molecules passing through the plasmonic near
fields. These measurements have enabled single-molecule detection in
nanoseconds, which has already been used to resolve the diffusion of larger
proteins”. With purpose-tailored plasmonic nanostructures to further
enhance and confine near-field, it is envisioned that fast changes in protein
structures could be resolved.

There is much potential to further advance interaction-free sensing
technologies. Experimental advancements, such as further suppression of
external noise sources, are expected to lead to marked improvements,
including detection of even smaller molecules. A combination with quan-
titative modeling taking into account molecular polarizabilities’” may enable
selectively gathering information from different diffusional populations™.
In addition, it may enable the extraction of more complex processes such as
conformation, interactions, and enzymatic cleavage that are all expected to
affect the diffusion properties of biomolecules.

Integration and miniaturization

The Covid-19 pandemic has underscored the urgent need for rapid and
accurate diagnostic technologies, prompting governments and healthcare
sectors to prioritize innovation in biomolecular detection. As of 2025,
commercial single-molecule sensors span both fluorescence-based and
label-free technologies, enabling high-resolution analysis of biomolecular
interactions. ~ Fluorescence-based systems from companies like
LUMICKS'"", Luminex'", and Pacific Biosciences'" allow real-time visua-
lization and sequencing at the single-molecule level by integrating optical
and biochemical workflows. In contrast, fluorescence-free platforms from
Envue Technologies'"“, Oxford Nanopore Technologies'"®, Refeyn''’, and
Helia Biomonitoring'”” detect molecules without fluorescent tags, using
techniques such as light scattering, particle tracking, and NSM.

These table-top solutions are largely geared towards research and
development applications. Nevertheless, a growing demand for precision
treatment has accelerated the development of even smaller (portable), user-
friendly, and point-of-care based devices'", see Fig. 2c. Portable micro-
scopes, including those integrated with smartphone cameras, have shown
potential in biosensing applications but require further improvements in
sensitivity for use at the single-molecule level”. Signal-enhancement
techniques provided by plasmon resonances have demonstrated promising
results in miniaturized devices'*”'”" and have even pushed the detection
limit to the single-molecule leve

Looking ahead, the integration of photonic circuits could revolutionize
biosensor miniaturization, enabling millimeter-scale devices for continuous
health monitoring. These circuits can integrate excitation sources, detectors,
and sensors onto a single chip, paving the way for smart pills, wearables, and
implantable devices'”. The fusion of semiconductor and optical sensor
technologies is crucial for this progress. Additionally, incorporating artificial
intelligence and machine learning into diagnostic systems can facilitate real-
time decision-making and personalized treatments, as seen in theranostic
applications like automated insulin delivery in glucose sensors'*.

For biomedical research and development applications, it is also crucial
to integrate single-molecule sensing technologies into existing laboratory
workflows and environments. To this end, minimizing the level of expertise
required for operation by non-expert users is essential. This can be achieved
through several approaches, such as improving sensor designs for easy
installation and replacement without optical alignment, developing low-
cost, replaceable sensor materials and platforms that maintain single-
molecule sensitivity and incorporating automated systems for sample pre-
paration and streamlined data collection. These advancements will not only
enhance instrument operability and data reproducibility but also enable
broader adoption of single-molecule analysis in biomedical research.

1122

Data analysis

Label-free single-molecule sensing has made impressive progress on the
hardware and sample side in terms of evermore sophisticated microscopes
and micro- or nanostructured surfaces being used. At the same time, it is
also clear that key common underlying challenges in this field, irrespective of
the used sensing method, are (i) to extract tiny signals from noise in the low
S/N regime, (ii) to extract a specific component from a complex signal, e.g,, if
multiple analytes are present in a complex mixture sample and (iii) to enable
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real time analysis. Data analysis is a cornerstone of label-free single-molecule
sensing already today and will be even more so in the future as the field
further advances and investigated samples will become more complex, see
Fig. 2d.

The first two challenges identified above are well-suited for deep
learning algorithms. Neural networks already enabled cross-modality
transformations in optical microscopy to e.g., transform simple bright-field
(transmission) images to fluorescence images using so-called virtual
staining'”. In the field of label-free sensing neural networks have been
employed for the analysis of iSCAT images to push the limit of detection to
polypeptides as small as 9kDa™, while a related approach enabled the
accurate quantification of hydrodynamic radius and molecular weight in
NSM down to 66 kDa” and later down to 5.8 kDa'*°. In addition, the use of
machine learning for data analysis can alleviate the requirements on the
optical designs and enable lower-cost sensors'””. These advancements have
been inspired by the breathtaking development of computer vision algo-
rithms and their application in optical microscopy'**'”. It is therefore both
desirable and expected that tailored machine-learning algorithms will play a
key role in pushing the limits of label-free single-molecule sensing on all
fronts. One particularly powerful approach would be to enable label-free
single-molecule sensing in complex samples, which may encompass mix-
tures of many different analytes and/or high analyte concentrations with an
overwhelming background.

Furthermore, it is clear that machine learning approaches offer the
tantalizing possibility to distinguish the molecular components of complex
sample mixtures with single-molecule resolution and quantitatively char-
acterize the single-molecular properties of said components. Training algo-
rithms to classify single molecules, determine protein aggregation states, and
more. This may enable the real-time analysis data while simultaneously
rejecting background signals. One step further, one can envision the use of
digital twins alongside Al to interpret real-time sensing data. This approach
leverages extensive information on static structures, molecular dynamics
simulations and may provide the ability to predict and interpret sensor signals.

Detection of multiple single-molecules

For single-molecule sensing, the capability to detect and analyze multiple
molecules simultaneously is crucial. For example, dynamic interactions
among different molecular species underpin many biological processes, and
single-molecule technologies hold great promise for unraveling these
mechanisms with molecular precision.

In wide-field approaches, simultaneous tracking of multiple molecules
can be achieved relatively straightforwardly, though typically with a trade-
off between field of view and spatial resolution”'”. Achieving high-
throughput detection without compromising single-molecule sensitivity
will require advanced image processing and rapid machine-learning-based
classification. Indeed, nanopore sensing and flow cytometry have already
demonstrated high accuracy and throughput through the use of such
methods"""**, and similar advances are anticipated for wide-field single-
molecule imaging. For WGM and plasmonic sensors, multiplexed detection
could be realized using frequency combs'”, where each spectral line exhibits
a distinct evanescent decay length and polarization, enabling 100 s of par-
allel sensing channels. Another promising strategy is to exploit spatial
variations in field intensity across different cavity modes, as demonstrated in
WGM sensing'™. In NSM, throughput may be further enhanced by
employing multiple nanochannels in parallel. Ongoing progress in multi-
plexed sensing strategies is poised to expand the throughput, precision, and
versatility of single-molecule sensing technologies.

Future perspective: applications

Protein interaction pathways

Single-molecule sensing is particularly suited to resolve biomolecular
interaction kinetics, see Fig. 3a. Compared to ensemble-averaged approa-
ches like SPR and biolayer interferometry, single-molecule resolution has
three distinct advantages that promise exciting applications in the kinetic
profiling of biomolecular interactions:

(1) In contrast to ensemble-averaged approaches, single-molecule
sensitivity gives access to ultralow-affinity interactions because every
binding event is resolved, even if it is short. Recent efforts have therefore
focused on improving the temporal resolution of single-molecule sensors to
access nano- to microsecond timescales using WGM sensors’™'* and
plasmon sensors**'. In the future, the study of interaction pathways of
intrinsically disordered proteins'**"*’ may be particularly exciting because
their lack of tertiary structure induces fast and heterogeneous kinetic
pathways that can be modulated with small-molecule drugs'.

(2) Single-molecule sensitivity gives access to underlying sample het-
erogeneity by e.g., analyzing the signal amplitude or bound-state lifetime of
each interaction. This has recently been employed to distinguish specific
from non-specific interactions in fluorescence'” and plasmonic
biosensors'”, to quantify heterogeneous binding kinetics in solid-state
nanopores'* and WGM sensors'*, and for kinetics-based protein sequen-
cing using zero-mode waveguide sensors'®. Single-molecule technologies
are ideally positioned to study heterogeneities arising from e.g., post-
translational modifications or conformational dynamics, where label-free
sensors would further reduce the effects of fluorescent labels on the inter-
action kinetics'".

(3) Single-molecule sensitivity gives access to multi-step interaction
pathways that are not synchronized across molecules and thereby inac-
cessible by ensemble-averaged approaches. Recent results on the assembly
and disassembly of ferritin in nanohole sensors show the potential of single-
molecule technologies to reveal every step in the assembly process™. In
addition, the dynamic cooperation between multiple species is key to many
processes including chaperone-mediated protein folding, signal transduc-
tion, and metabolism. They remain largely unknown due to a lack of
technologies that can resolve multi-protein interactions in real-time. For
these applications, the collection of sufficient statistics is crucial. Technology
advances such as multiplexed and/or high-throughput sensing as discussed
above will be a key enabler on this front.

Protein and DNA sequencing

DNA/RNA sequencing technology (illustrated in Fig. 3b) has advanced
rapidly with the advent of single-molecule approaches, including single-
molecule fluorescent synthesis labeling techniques involving zero-mode
waveguides and label-free nanopore sequencing'*'**'. Some early pro-
posals suggested combining Raman spectroscopy with nanoaperture optical
tweezers and nanopore translation to achieve specific base identification
without the need for labels®. However, a high level of specificity was
achieved with the nanopore itself so the Raman-based approaches did not
gain traction at that time.

Newer technologies are attempting to sequence proteins, including
identifying post-translational modifications'. This is considerably more
complicated than a 4-base alphabet; and Raman-based approaches are re-
emerging as candidates. For example, peptide identification with nano-
photonic/plasmonic resonators used to enhance the Raman signal to the
single-molecule level has been demonstrated'*. This has applications rela-
ted to the immune response, including immunotherapy. An ambitious goal
is to perform single-cell proteomics—mass spectrometry is one of the key
tools in this field; however, truly single-molecule approaches, such as
nanopores' ", are also aimed at solving this problem. It is possible that label-
free optical approaches may also have impact in this application since they
are well-suited for small populations (particularly for cases where there is a
large dynamic range), as well as for problems where the proteins to be
identified are not necessarily known beforehand.

High throughput SPR™, dielectric resonators”"'”, and biolayer
interferometry'” are used widely for identifying antibody-antigen inter-
actions and mapping out the epitopes (binding regions) associated with
antigens of interest. Single-molecule approaches offer the potential to
interrogate antibodies from single cells, measure on and off binding kinetics
at the single-molecule level for a wide range of affinities. This is not only
highly sensitive and potentially cost-saving (requiring growing fewer cells in
less time, and quickly eliminating weak candidates), but also can reveal

151,152

npj Biosensing | (2026)3:3


www.nature.com/npjbiosensing

https://doi.org/10.1038/s44328-025-00069-4

Perspective

-

4 . . )
a) Protein interactions
classification
;é '\ () o — - e
o
« é ~N o M
it EO -
o # hl e v ’
T N /'
g - 1L @
multivalency heterogeneity multistep pathways
\_
" . . A
b) DNA and Protein Sequencing
DNA Protein
Amplitude Amplitude 1
“ng L T SE AG
C T G A T 8 - .
Time
1\ Time
/c) Diagnostics and precision medicine A
Patient sample Label-free Molecular count
SM sensor
Bio-markers
Patient 1 I I
preTt Yy adhas, ':S'l,,. I -
’ ® 5
. Bgad o - Mass
A o Conformation ‘ Patient 2
B a0 . - Count I I I
ﬁ:‘.‘n‘-‘.’é‘ . .
N Patient 3

[ ]
'y

J

Fig. 3 | Schematic illustration of future perspectives in terms of applications. a Probing of protein-interaction pathways, b protein and DNA sequencing, and ¢ molecular

diagnostics and precision medicine.

multi-step kinetics not readily accessible from ensemble measurements. In
the future, optical tweezer methods may monitor these interactions without
the need for surface immobilization that is typically used®.

Molecular diagnostics

In disease diagnostics and biomedical research, sensitive biosensors already
offer transformative capabilities by enabling the detection of disease bio-
markers at extraordinarily low concentrations (see Fig. 3c). Workhorse
technologies in the diagnostics sector are currently focused on PCR, ELISA,
electrochemistry, and lateral flow assays. These are all highly sensitive and/
or specific and employ ensemble-based sensing approaches to accumulate
sufficient signal. Going forward, developing single-molecule sensing cap-
abilities for diagnostics is a particularly promising area. Recent results
already demonstrate single-molecule diagnostic assays for ssDNA'"*'*,
protein”*"* and miRNA'*. From an application perspective, diagnostic
assays with single-molecule sensitivity have two clear advantages over
ensemble assays:

First, a wide range of diseases, including sepsis and heart failure, involve
fluctuating biomarker levels, making continuous monitoring valuable for
early diagnosis. Continuous glucose monitors have notably improved life for
diabetic patients. Low-affinity capture probes offer promise for continuous
sensing, but their sensitivity is limited by the need to use low-affinity
(reversible) capture probes with micromolar dissociation constants. Single-

molecule techniques overcome this because they enable the detection of
biomarkers even at concentrations far below the dissociation constant of the
capture probe. Recent advances use particle mobility to monitor low-affinity
interactions at picomolar levels'”>'**, and combine this with electromagnetic
forces to actively tune binding kinetics and accelerate mass transport'®,
while single-molecule plasmon sensing has achieved femtomolar detection
in complex fluids'*'>.

Second, if we are interested in detecting a particular species in a
complex mixture one can potentially exploit single-molecule metrics to
distinguish species. In fact, this challenge is common to other modalities
such as mass spectrometry and electron microscopy, which possess
immense detection sensitivities, but similarly struggle with complex envir-
onments. Kinetic fingerprinting is a powerful technique in single-molecule
diagnostic technologies that leverages the unique binding and unbinding
dynamics of biomolecular interactions to potentially enhance specificity and
sensitivity'*"'>. Unlike traditional assays that rely solely on equilibrium
binding, kinetic fingerprinting analyzes the temporal patterns of individual
binding events (e.g., the bound-state lifetime) to distinguish between closely
related targets'*>'*"'®’. This approach is particularly valuable in complex
biological fluids encountered in diagnostics, where background noise and
nonspecific interactions can obscure signals. These approaches are still in
their infancy, but can have a large impact on the sensitivity, accuracy, and
versatility of future diagnostic platforms.
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Beyond diagnostics, label-free single-molecule technologies may find
their way into probing intracellular dynamics. WGM barcodes have already
been used for conducting multiparameter single-cell assays*'”’, while
iSCAT microscopy has been used for label-free tracking of organelles in
living cells'**. These technologies open up new possibilities for real-time,
high-resolution biological monitoring within living systems, at the level of
single molecules, without the requirement of fluorescent labeling.

Outlook

Label-free single-molecule biosensing represents a rapidly advancing
frontier in analytical science, offering the capability to detect and char-
acterize individual biomolecular interactions without the need for fluor-
escent or enzymatic labels. Recent technological progress in nanophotonics,
plasmonics, and interferometry — combined with innovations in surface
functionalization, fluidics, and data processing — has significantly
enhanced the sensitivity and temporal resolution of these platforms.
Looking forward, the convergence of label-free single-molecule detection
with machine learning and lab-on-a-chip technologies is expected to yield
compact, high-throughput biosensing systems capable of autonomous
operation in clinical, environmental, and industrial settings, thereby rede-
fining the scope and scalability of precision biosensing. Achieving these
goals presents new challenges: the field is progressing from a mono-
disciplinary to a highly multidisciplinary effort where new collaborations
that bridge the fields of optics, protein biology, and data science will be
essential to progress.
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