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Functional Super-Resolution Microscopy of Fibers and Polymers: 
Convergence of Artificial and Biological Systems at the Nanoscale
Si-Jia Rao1, Xiayi Gong1,2, Md Abul Shahid1,2, Yunshu Liu1,2, Hongjing Mao1 and Yang Zhang1,2,3*

Fluorescence nanoscopy has opened a new frontier for visualizing and understanding polymeric and fibrous materials with 
molecular precision. Building on advances in single molecule localization microscopy (SMLM), researchers are now extending 
beyond structure to probe dynamic and functional properties that govern material behavior. This Focus Article highlights 
recent progress in functional SMLM for mapping polarity, viscosity and molecular motion within polymers and fibers, 
revealing how these nanoscale parameters influence macroscopic performance. Examples include tracking polymerization 
and phase evolution, resolving nanofiber organization, and correlating structural heterogeneity with local chemical 
environments. We further discuss the growing convergence between artificial and biological systems with shared principles 
of hierarchical organization. By integrating structural, dynamic, and functional imaging, fluorescence nanoscopy provides a 
unifying framework for studying and engineering complex molecular assemblies across living and synthetic matter.

Introduction
Polymeric materials constitute some of the most versatile 

and dynamic classes of functional matter, owing to their 
structural diversity, chemical tunability, and scalable 
processability. The fundamental concept of fibers and polymers 
as macromolecules composed of repeating units enables 
precise molecular design and hierarchical assembly from the 
molecular to the nanoscale (Figure 1 top), thereby imparting 
tailored physicochemical properties and multi-functionality .1–4 

While conventional applications span food packaging,5,6 
coatings,7,8 and textiles,9 the past decades have witnessed the 
emergence of polymer and fiber systems as indispensable 
components in advanced technologies, including flexible 
electronics,10–12 nano medicine,13,14 energy storage and 
conversion,15,16 and sustainable materials design.17,18 Their 
inherent capacity for self-assembly, responsiveness to external 
stimuli, and compatibility with hybrid nanostructures uniquely 
position polymers at the interface of fundamental nanoscience 
and translation innovation. A comprehensive understanding of 
the structure and function of polymeric materials at the 
nanoscale is essential for advancing the design of next-
generation materials across diverse applications.19 This 
requirement becomes even more pronounced for complex 
molecular systems, where their nanoscale structural, functional 
and dynamic behaviors present challenges for characterization 

using conventional nanoscopic imaging approaches such as 
atomic force microscopy (AFM) and electron microscopy (EM).20 
EM primarily capture static structural snapshots under non-
native or vacuum conditions, lacking the spatiotemporal 
resolution and environmental compatibility needed to visualize 
the dynamic and functional processes of polymers at the single-
molecule or nanoscopic level (Figure 1 middle). AFM can 
operate in liquid and under physiological conditions, allowing 
the observation of dynamic biological processes and enabling 
mechanical measurements, viscosity studies, and other 
biophysical analyses.  For instance, AFM has been used to 
capture the motion of bacteriorhodopsin, myosin on actin, and 
the DNA double helix at high resolution.21,22 In turn, AFM also 
has inherent limitation in imaging depth which mostly restricted 

Figure 1. Length scale from monomer to microscopic fibres and assemblies 
in synthetic and biological systems along with the imaging resolution of 
existing nanoscopic imaging technologies.
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to surfaces, making it difficult to probe structures within thicker 
samples. 

Fluorescence microscopy stands out for its inherent 
advantages, including real-time visualization, imaging depth of 
tens of micrometers and non-invasive observation. With the 
advent of novel fluorescent probes23,24, the development of 
diverse optical strategies25,26, fluorescence super-resolution 
microscopy (SRM)27–29 emerged in the early 21st century as a 
groundbreaking advancement that surpasses the optical 
diffraction limit to improving spatial resolution of optical 
microscopy from ~200 nm down to a few nanometers. SRM has 
rapidly evolved into an indispensable tool in life science 
research, offering unprecedented capabilities for probing 
subcellular fibers (e.g., cytoskeletons and chromatin fibers), 
assemblages (e.g., plasma and organelle membranes), and 
individual biomacromolecules (e.g., proteins and nucleic acids) 
as well as their dynamics at the nanoscale (Figure 1 bottom).30–

33 Benefiting from these breakthroughs, the invention of SRM 
was awarded 2014 Nobel Prize in Chemistry.25,34,35 A wide body 
of scholarly reviews has emerged, each highlighting different 
facets of SRM. These include critical discussions on innovations 
in imaging methodologies,36–40 the development of switchable 
and functional fluorophores 24,39,41–44, the integration of 
advanced spectroscopic approaches45, and the expanding 
landscape of applications in the life sciences46–48. Together, 
these perspectives have established a rich foundation that 
continues to guide both technological innovation and 
interdisciplinary exploration.

The convergence of physical and life sciences at the polymer 
nanostructure level has naturally extended this progress to 
materials research, as biomacromolecules assemble the 
molecular backbone of biological systems and share 
fundamental structural principles with synthetic 
macromolecules. This conceptual continuity makes it both 
intuitive and powerful to adapt SRM from visualizing biological 
polymers to investigating synthetic polymeric materials, 
enabling direct observation of molecular organization, phase 
transitions, and dynamic processes that define their 
macroscopic properties.

In this Focus article, we introduce the principles of emerging 
SRM methods for visualizing dynamic and functional properties 
of polymeric and fibrous materials. Prior reviews49–54 have 
traced SRM’s evolution from a biological imaging tool to a core 
analytical technique in materials characterization, highlighting 
its applications in supramolecular polymers49, dynamic self-
assembly, nanocomposites, and bioinspired architectures, as 
well as its capacity to resolve structure–function relationships 
under in situ conditions51. These studies have established the 
foundation for applying SRM to polymer systems, emphasizing 
its growing potential for probing nanoscale organization, phase 
behaviour, and 3D dynamics. Our Focus article specifically 
centres on advanced and functional single-molecule localization 
microscopy (SMLM) as a rapidly developing class of SRM that 
achieves <10 nm spatial resolution and single-molecule 
sensitivity. We outline the core concepts and representative 
modalities of SMLM, assess switchable fluorophores suited for 
polymer imaging, and highlight recent advances demonstrating 

how SMLM can reveal molecular-level functional properties of 
polymers and fibers. We conclude by summarizing current 
progress, identifying key challenges that remain, and offering 
our perspective on how studies of polymeric and fibrous 
materials using SRM can bridge the understanding of artificial 
and biological systems.

Overview of conventional SMLM methods
SRM can be broadly categorized based on their underlying 

working principles. The first class includes methods that rely on 
engineered illumination patterns, such as stimulated emission 
depletion microscopy (STED)55 and structured illumination 
microscopy (SIM)56,57. The second class relies on single-molecule 
detection with a common name of SMLM including its variants 
such as stochastic optical reconstruction microscopy (STORM)28 
and photoactivated localization microscopy (PALM)22, as well as 
point accumulation for imaging in nanoscale topography 
(PAINT)58  and DNA-PAINT59. In terms of spatial resolution, 
SMLM typically achieves 10–40 nm, STED reaches 
approximately 50–80 nm, and SIM provides around 100–120 
nm lateral resolutions. STED and SIM also support faster 
imaging rates with approximately 10–50 frame per second (fps) 
for STED and 1–20 fps for SIM making them well suited for live-
cell applications. SMLM can be implemented in live cells, 
particularly through PALM and PAINT strategies that use cell-
permeable, photoswitchable probes, although typical imaging 
speed (>10 seconds per video for reconstruction) are slower. In 
contrast, STORM and DNA-PAINT are largely restricted to fixed 
samples due to specialized buffer requirements and slower 
acquisition rates. The basic principle of SMLM is described as 
the following: 

In a conventional fluorescence image (Figure 2a), a single 
fluorophore appears as a diffraction-limited spot described by 
the point spread function (PSF), often modeled as a two-
dimensional Gaussian with a width of ~λ/2, with λ being the 
emission wavelength of the emitter. Visible light spectral range 
therefore correspond to PSF sizes of ~200-300 nm. Because tens 
and hundreds of fluorophores are typically present within each 

Figure 2. Schematic Illustration of SMLM principles. A diffraction-limited 
blurry fluorescence image of a fiber (a) is separated into sparsely-distributed 
subsets at different times (b-e) utilizing the stochastic single-molecule 
“blinking” process of switchable fluorophores to reconstruct a super-
resolved image (f).
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diffraction-limited region, their emission patterns overlap, 
making it impossible to resolve individual molecules. To 
overcome this, the fundamental working principle of SMLM 
briefly involves iterative imaging of sparsely activated 
fluorophores across numerous acquisition cycles (Figures 2b-e). 
In each frame, the PSF of individual, well-separated single-
molecule emitters are captured and subsequently analyzed 
using localization algorithms to determine their precise spatial 
coordinates with nanometer precision. with localization 
precision (xy) scaling as /√N, where N is the single-molecule 
photon count. Pixel size and background noise further influence 
this accuracy.60 By accumulating and reconstructing the 
localization from all frames, a super-resolved image (Figure 2f) 
is generated with nanometer-scale resolution.61,62  

Assessing the quality or spatial resolution of SMLM images, 
xy is a key metric. It is commonly estimated from the photon 
count detected within the fluorescence spot of individual 
fluorophores.60 Alternatively, a practical and experimentally 
accessible method involves analyzing the nearest-neighbor 
distances of fluorophores across consecutive frames.63 The 
spatial resolution of a SMLM image can be reported as 2.36*xy 

corresponding to the full width at half maximum that defines 
the minimum separation between two neighbouring emitters 
that can be resolved. Besides xy, labeling density also has to be 
considered to fulfill the Nyquist sampling theorem.64 As an 
objective measure, Fourier Ring Correlation (FRC) resolution65 
quantifies the overall structural reproducibility of the 
reconstructed image and captures not only xy but also labelling 
density, and image reconstruction parameters. 

A variety of optical strategies have been developed to enable 
3D localization of single fluorophores. One of the earliest 
methods introduced a cylindrical lens into the detection path,66 
inducing an asymmetric distortion of the PSF that encodes the 
axial position of the emitter an approach that has since been 
widely adopted in 3D SMLM.67 Alternative techniques include 
multi-plane detection,68,69 engineered PSFs such as the double-
helix PSF,70 interferometric setups,71 and dual-objective 
configurations72,73. These methods vary in terms of 
experimental complexity, attainable localization precision, and 
the axial imaging range achievable within a single acquisition.74 
Notably, the axial localization precision z is usually worse than 
xy which results in anisotropic 3D resolution. FRC can also be 
used to measure the axial resolution. 

SMLM with photoswitchable fluorophores. The earliest 
implementations of SMLM (PALM and STORM) use light to 
control fluorescence switching, temporally isolating the 
emission of sparse fluorophores and localizing them with 
nanometer precision to reconstruct super-resolved images. 
Although PALM and STORM share this fundamental principle, 
they differ in fluorophore types and photophysical mechanisms. 
STORM uses synthetic photoswitchable dyes that reversibly 
transition between dark and bright states (Figure 3a), offering 
higher photon yields and superior localization precision due to 
their brightness. However, STORM requires specialized imaging 
buffers and is less suited for live-cell imaging. PALM, in contrast, 
typically employs genetically encoded photoactivatable 
fluorescent proteins, enabling live-cell imaging through 
irreversible photoactivation/conversion, single-molecule 
detection, and irreversible photobleaching (Figure 3b). Both 
methods routinely achieve lateral resolutions of ~20 nm and 
have become foundational tools for nanoscale biological and 
materials imaging.

SMLM based on transient binding mechanism. PAINT and DNA-
PAINT represent complementary approaches within the SMLM 
family that exploit the transient binding of fluorescent probes. 
Traditional PAINT58 employs freely diffusing fluorophores that 
transiently and non-specifically associate with sample surfaces, 
enabling super-resolution imaging without covalent labelling or 
genetic tagging. However, the stochastic nature of these 
interactions limits molecular specificity and multiplexing 
capability. DNA-PAINT, in contrast, leverages sequence-specific 
hybridization between short “imager” and “docking” DNA 
strands, allowing programmable and reversible probe binding 
with high specificity and tunable labeling density.75 This 
molecular programmability provides enhanced spatial 
resolution (often <10 nm), precise quantification, and facile 
multiplexed imaging through the exchange of orthogonal 
imager strands. While both methods reconstruct images by 
accumulating transient binding events, DNA-PAINT offers 
superior specificity and versatility, making it particularly 
suitable for complex biological samples that require 
multiplexed and quantitative nanoscale imaging, though its 
slow binding kinetics limit live-cell applications. More recently, 
coupling environment-sensitive dyes with multi-dimensional 
SMLM/PAINT26,76,77 setups has extended the technique beyond 
molecular localization, enabling functional SRM that maps both 
the position and local environment of molecules in live cells 
which we will elaborate on in the next section.

Advanced optical imaging methods for SMLM.
SMLM has been extended to the imaging of additional 

dimensions of fluorescence signals besides the spatial 
information including spectra, fluorescence lifetime, 
polarization and orientation in addition to capturing the spatial 
information of individual molecules, which brings SRM into a 
functional imaging era.

Spectrally resolved STORM (SR-STORM) and spectroscopic 
single-molecule localization microscopy (sSMLM). In 2015, 
Xu’s group introduced SR-STORM78 where fluorescence is split 
into two optical paths: one records the spatial PSF used for 

Figure 3. The illustration of SMLM based on (a) reversible photoswitching, 
(b) irreversible photoactivation, (c) transient binding, and (d) DNA-PAINT 
(transient hybridization between a dye-conjugated imager and a substrate-
labelled docking strand).
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localization, while the other, after passing through a prism, 
records the corresponding emission spectrum. This dual 
detection allows each localization to be annotated with its 
spectral signature, enabling true-color super-resolution imaging 
far beyond the limits of conventional multicolor methods. In 
parallel, several groups including us developed sSMLM45,76,79,80 
using different dispersive elements such as a transmission 
grating to achieve similar capabilities. The primary advantage of 
SR-STORM/sSMLM is the ability to distinguish dyes with 
minimal spectral separations (< 10 nm), which drastically 
reduces spectral crosstalk and permits highly multiplexing (up 
to 4) in biological samples. Furthermore, spectral shifts provide 
a direct probe of the local nanoenvironment, including polarity 
changes, pH, or micro-heterogeneity around biomolecules. 
Applications range from multicolor labeling of subcellular 
structures and co-localization studies to high-throughput 
screening of probes with subtle spectral fingerprints. 24

Fluorescence-lifetime single-molecule localization 
microscopy (FL-SMLM)81 combines the nanometer spatial 
resolution of localization microscopy with the temporal 
information of time-resolved fluorescence detection. in this 
approach, photon arrival times are measured either via time-
correlated single-photon counting (TCSPC), time-gated wide-
field detection, or by employing fast single-photon avalanche 
diodes (SPAD) array. This multidimensional readout enables 
lifetime-based probe discrimination, which is particularly 
powerful for fluorophores that are spectrally similar but differ 
in their decay dynamics. Beyond multiplexing, FL-SMLM allows 
nanoscale mapping of local environmental parameters such as 
refractive index, pH, and proximity to quenchers, and is 
uniquely suited for detecting Förster resonance energy transfer 
(FRET). Applications include resolving biomolecular 
conformations, mapping membrane heterogeneity, and 
probing dynamic nanoscale interactions in live cells. The 
principal advantage lies in the robustness of fluorescence 
lifetime as a contrast parameter instead of spectral or intensity-
based signals. It is largely insensitive to intensity fluctuations 
and spectral overlap, providing a reliable dimension for 
quantitative imaging. Fluorescence lifetime imaging microscopy 

(FLIM) has long been applied to polymer systems82 to probe 
regional polarity, viscosity, and phase heterogeneity, and FL-
SMLM further extends this capability to the single-molecule 
level with nanometer resolution.

Polarization- and orientation-resolved SMLM (often termed 
SMOLM) provides access not only to the position of each 
emitter but also to the orientation and rotational mobility of its 
transition dipole. Early single-molecule polarization 
spectroscopy, exemplified by Prof. Weiss in the late 1990s, 
demonstrated that molecular orientation could be directly 
inferred from polarized emission.83 More recently, Lew’s group 
integrated orientation detection into SMLM by engineering 
dipole-sensitive PSFs that encode orientation into distinct 
image features, allowing simultaneous retrieval of position and 
orientation.84 Other implementations use polarization beam 
splitters or excitation polarization modulation. The advantage 
of orientation-resolved imaging is its ability to reveal molecular 
order and an isotropy, detect conformational changes, and 
quantify rotational dynamics at nanometer resolution. This is 
particularly powerful in studying filamentous proteins, 
cytoskeletal organization, lipid membranes and amyloid fibrils, 
where alignment and mechanical constraints are key to 
function. In summary, advanced single-molecule imaging 
methods have greatly improved our understanding of 
functional information of the probing molecules and local 
environments besides the spatial information. 

Synthetic Fluorophore for SMLM of fibers and 
polymers

Organic fluorescent dyes possess several advantageous 
photophysical properties in the context of SRM of polymers and 
fibers, including tunable emission spectra, higher photostability, 
greater photon yield, and facile synthetic modification and 
covalent integration during polymer synthesis or processing. In 
contrast, fluorescent proteins are relatively challenging to 
employ as they are designed to mature in biological systems. 
These characteristics make organic dyes far more suitable than 
fluorescent proteins for SRM of polymeric materials, where 

Figure 4 Chemical conformation of synthetic fluorescent dyes used in SRM for polymers and fibers.
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both photostability and precise molecular labeling are critical. 
Successful implementation of conventional and advanced 
SMLM methods in polymer imaging thus depends heavily on the 
selection of compatible fluorophores. Indeed, the development 
of switchable fluorophores and single-molecule imaging 
methodologies has become increasingly intertwined, with 
progress in one driving innovation in the other. In the context 
of polymer and fiber imaging, ideal probes also must be 
compatible with the non-aqueous imaging conditions that are 
atypical to biological SRM imaging. In this section, we will briefly 
introduce four commonly used organic fluorescent dyes in 
super-resolution imaging technology.

Cyanine dyes represent a widely used class of fluorophores 
in SMLM because of their excellent brightness, high water 
solubility and facile conjugation to biomolecules.85,86 Recently, 
it has also been reported that the cyanine dye Alexa Fluor (AF) 
647 can be effectively employed for polymer imaging, extending 
its use beyond biological systems.87 Cyanine dyes consist of two 
nitrogen-containing heterocycles one positively charged and 
the other neutral-linked by a polymethine chain (-CH groups 
with alternating single and double bonds) containing an odd 
number of carbon atoms (AF647 structure in Figure 4).88,89 In 
contrast, modified Cyanines or Hemicyanines feature a 
polymethine bridge connected to nitrogen-containing 
functional groups on either side, forming a donor-π-acceptor 
system.90–92 The extended π-conjugation of cyanine dyes 
promotes efficient delocalization of photon energy, stabilizing 
electronic transitions and thereby shifting absorption into 
longer-wavelength regions. AF647 demonstrated improved 
photo stability and a reduced tendency to cause self-quenching 
compared to Cy5.93 Cyanines typically undergo reversible 
photoswitching mechanism (Figure 3a)

Boron Dipyrromethene (BODlPY/BDP) dyes are 
outstanding fluorophores characterized by high fluorescence 
quantum yields and brightness, making them excellent 
candidates for engineering SMLM probes. BODIPY fluorophores 
are composed of two pyrrole heterocycles bridged by a boron 
atom and a carbon framework (Figure 4).94–96 Modification of 
functional groups around the BODlPY core can effectively tune 
their emission spectrum from 500 to 700 nm (Table 1).97 To 
extend their application in SMLM, BODlPY derivatives have 
been engineered with functional modifications to render them 
photoactivatable for PALM40,98,99 or capable of reversible 
binding for PAlNT imaging.100

Nile Red is a widely used probe for lipid detection owing to its 
high affinity, specificity, and sensitivity to lipid hydrophobicity. 
Notably, its emission spectrum shifts from red in polar lipid 
environments to yellow in nonpolar lipids (Table 1). Nile red 
fluorophore could be used in PAINT by adding the functional 
anchor for the target. Zwitterionic short alkyl chain was 
introduced to the Nile Red, which enabled reversible binding to 
the plasma membrane and built a PAINT image.101 

Table1 Photophysical properties of representative organic 
fluorescent dyes for SMLM. 

Abs
a Em

a Φb Ɛc Bd
Non-

Aqueousf 

AF488102 495 519 0.92 71 65 -

BDP-Oxazine 553 567 0.68  66 45 +

BDP650-Mito 646 660 0.52 102 53 -

Nile Rede
490/
553

580/
636

0.7/
0.38

38/
45

27/
17

+

AF568102 578 603 0.69 91 63 -

AF647102 645 669 0.33 239 79 +

V-DAE 475 548 0.82 61 50 +

RhB 557 578 44.2 100 44 +

a, absorption (Abs) and emission (Em) maxima (nm); b, Fluorescent 
quantum yield; c, Extinction coefficients (cm–1mM–1); d, Brightness 
B=Φ*Ɛ; e, Nile Red dissolve in dioxane(top), Methanol(bottom); f, 
qualitative indication whether the dye can work with polymer non-
aqueous SMLM imaging condition; solvent used are aqueous if not 
noted.

Rhodamines represent a versatile class of inherently 
photoswitchable fluorophores that can be directly toggled using 
chemical reductants or engineered to generate photochromic 
and spontaneously blinking variants through spirocyclic ring 
opening.103 Rhodamine spiroamide (Figure 4) molecules are 
known for their remarkable photochromic behavior undergoing 
UV-triggered ring-opening isomerization from a non-
fluorescent to an emissive state. During the imprinting process, 
the resulting nanoscale deformations can locally bias the 
orientation and distribution of these fluorescent isomers, a 
feature that can be harnessed for PALM.104 This intrinsic 
flexibility, coupled with excellent photophysical properties 
including high brightness, good photostability, and efficient 
photoswitching has established rhodamines as one of the most 
widely used dye families in SMLM (Table 1). Many derivatives 
(Figure 4), such as ATTO 488, AF488, and AF568, exhibit 
reversible and spontaneous fluorescence blinking by forming 
long-lived, non-emissive radical ion states, a process believed to 
arise from redox reactions or oxygenation of the triplet excited 
state. Consequently, additives such as thiols, ascorbate, and 
oxygen scavengers, along with deoxygenated imaging buffers, 
are routinely employed to regulate and optimize the blinking 
behavior of rhodamine-based fluorophores in SRM.105

Diarylethenes (DAEs) represent a versatile and rapidly 
expanding class of photochromic compounds that have 
attracted extensive attention over the past few decades (Figure 
4). Upon light irradiation, DAEs undergo a fast and reversible 
interconversion between their open- and closed-ring isomers, 
accompanied by a distinct color variation arising from 
modulation of the π-conjugation pathway. Remarkably, both 
the colorless open and the colored closed forms exhibit 
exceptional thermal stability, meaning that neither the 
cyclization nor the cycloreversion occurs spontaneously in the 
absence of light but instead requires illumination at specific 
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wavelengths (Table 1). In addition, DAEs display outstanding 
fatigue resistance, maintaining their photochromic 
performance over numerous switching cycles in both solution 
and solid states. These unique features endow DAEs with 
exceptional potential for emerging applications in rapidly 
advancing fields such as SRM.106

SMLM in Polymer-Based Materials 
SMLM for visualizing polymerization process. Building blocks 
sequences of synthetic polymers play an important role in the 
polymer macroscopic properties, such as their mechanical and 
thermal properties. Employing SRM to image polymeric 
processes will be advantageous for elucidating structure-
function relationship at the molecular level. 

Early example of visualizing synthesis process of polymers by 
SMLM was reported by Wang et al. in 2018.107 Wang developed 
a polymerizable photoswitchable fluorophore (V-DAE) (Figure 5 
top) that can be directly incorporated into polymer chains via 
RAFT copolymerization with styrene or Methyl Methacrylate 
(MMA), enabling precise control of labeling density without 
post-functionalization. Owing to its reversible 

photoisomerization between emissive and non-emissive states 
under UV (375 nm) and visible (473nm) light, V-DAE allowed 
PALM imaging of polymer blends. Using V-DAE-labeled 
Polystyrene (PS)/Polymethyl Methacrylate (PMMA) films, the 
authors visualized nanoscale phase-separated morphologies 
that correlated well with AFM data and further exploited the 
fluorophore's multiple switching cycles to obtain time-lapse 
images of dynamic structural evolution during solvent vapor 
annealing (Figure 5). This work demonstrates a powerful 
strategy to integrate functional fluorophores through 
copolymerization and apply PALM to monitor polymer self-
assembly and dynamics in situ. 

In 2023, Chen’s group developed coupled reaction approach 
toward super-resolution imaging (CREAST) for imaging single-
catalyst polymerization at single-monomer resolution, in real 
time and at high reactant concentrations.108 Furthermore, the 
CREAST method not limited to visualizing the ring-opening 
metathesis polymerization (ROMP) process, but can also be 
applied to monitor a broad range of chain-growth 
polymerizations, including living anionic , living cationic and 
living free radical polymerizations. 
SMLM for nanoscale morphology imaging of polymers

SMLM can not only visualize the polymerization process of 
polymeric materials but also their nanoscale morphology. An 
early demonstration of nanoscale morphology imaging of 
polymers using STORM was reported by Ross in 2014.109 In this 
study, STORM provided quantitative measurements of the sizes 
of demixed domains in a model PS/PMMA blend film that were 
in close agreement with those obtained by AFM.

Xu’s group demonstrated the power of SRM in materials 
science by directly visualizing cove-type graphene nanoribbons 
(cGNRs).110 In their study, ultra long cGNRs were synthesized via 
a bottom-up route and subsequently conjugated with Cy5 
through copper-catalyzed click chemistry, enabling their 
detection on insulating substrates. While conventional 
fluorescence microscopy produced only blurred ribbon-like 
features (~300 nm in width), SRM techniques based on 
fluctuation analysis (SOFl/SRRF) resolved individual 
nanoribbons with apparent widths of 40-50nm and lengths up 
to 10 um-the longest GNRs imaged to date. Notably, SRM 

Figure 5. Visualizing synthesis process of polymers by SMLM. Left is an AFM phase image of thin films of PS/PMMA blends, right is a SRM image of 
thin films of PS/PMMA blends and they are partially overlaid in the middle. Scale bars are 1 μm. Reproduced with permission from Ref. 107. 
Copyright 2018 American Chemical Society

Figure 6. Conventional fluorescence, super-resolution and atomic 
force microscopy of dye-functionalized Cy5-SWNTs. (a) super-
resolution imaging, (b) AFM imaging. Reproduced with permission 
from Ref. 110. Copyright 2018 American Chemical Society
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distinguished isolated ribbons from entangled bundles and 
revealed sub-100 nm separations that remained inaccessible 
under diffraction-limited conditions. Comparison with AFM 
imaging of reference nanotubes validated these observations 
but also underscored the unique advantages of SRM as anon-
destructive and high-throughput approach compatible with 
technologically relevant Si and Si/Si02, substrates (Figure 6). 
This case exemplifies how super-resolution methods, originally 
developed for biology, are now redefining the possibilities for 
structural characterization in nanomaterials.
SMLM for imaging of the deformation of polymers

SMLM can also visualize the nanoscale deformation process 
of polymers. In 2019, Wang employed PALM to investigate 
nanoscale mechanical deformation in polymer films patterned 
by thermal nanoimprint lithography.111 PMMA films doped with 
a photoactivatable rhodamine spiroamide fluorophore enabled 
PALM imaging, allowing simultaneous determination of 
fluorophore positions and orientations through point-spread 

function fitting. The reconstructed orientation maps revealed 
anisotropic alignment of fluorophores in regions as small as 20 
nm, clearly distinguishing deformed areas from neighboring 
undisturbed domains. Control experiments using electron-
beam lithography confirmed that the observed orientation 
changes arose from mechanical strain rather than imaging 
artifacts. The agreement between PALM-based maps and AFM 
data further validated the method (Figure 7). Overall, PALM was 
essential in overcoming the diffraction limit and directly 
visualizing nanoscale deformation, providing strong support for 
the conclusion that super-resolution orientation microscopy 
can serve as a powerful tool for probing nanomechanical 
processes in polymers.

As a powerful tool, SMLM has applications in polymer-based 
materials that extend beyond the aspects mentioned above, 
including phase separation112, interfacial heterogeneity113, and 
nanoscale distribution imaging114. 
SR-STORM for imaging of the constituents of the polymer. 
Recently, Kim’s group employed an oxygen-excluded super-
resolution imaging strategy based on PAlNT to selectively 

visualize non-oxygen domains in polymer blend films.112 AF647 
was introduced as the probe, where its strong electrostatic 
repulsion with oxygen atoms in polymer side chains prevented 
binding to oxygen-rich regions while enabling transient 
interactions with oxygen-free domains. This selective labeling 
provided nanoscale contrast without additional sample 
modification. STORM image of the binding events achieved 
spatial resolutions down to ~15-20 nm, enabling direct 
visualization of nanoscale phase separation, domain 
identification, and hierarchical structural features in PS/PMMA 
and other polymer blends (Figure 8)

Park’s group  integrated SR-STORM for embedded probes and 
spectrally-resolved PAINT for surface binding, they 
distinguished internal versus interfacial polarity, differentiated 
side-chain functionalities, and visualized phase separation in 
blends at ~30 nm resolution.77 This non-destructive optical 
approach thus goes beyond AFM or contact-angle analysis by 
adding chemical specificity, establishing SMLM as a powerful 
tool for probing nanoscale heterogeneity in multi-component 
polymers.

Wöll’s group developed a FL-SMLM to quantify local water 
content in polymer gels.78 This approach exploits the efficient 

Figure 7 (a) Electron beam lithography is used to pattern 1 : 1 lines and 
spaces of 100 nm and 40 nm pitch in a 40 nm thick PMMA film. 
Mechanical deformation should be minimal in this process. (b) PALM 
imaging(upper) for mechanical deformation and comparison with 
scanning electron micrographs (lower). Reproduced with permission 
from Ref. 111. Copyright 2019 Royal Society of Chemistry

Figure 8. (a) Scheme of oxygen-excluded nanoimaging of a polymer 
blend film. (b) Representative super-resolution images of the non-
oxygen region in the phase-separated PS-PMMA polymer blend film 
using Alexa Fluor 647 dyes. Scale bars are 5 μm Reproduced with 
permission from Ref. 112. Copyright 2025 American Chemical Society.
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fluorescence quenching of red-emitting dyes by H2O, in contrast 
to the negligible effect of D2O, such that systematic lifetime 
measurements in H2O/D2O mixtures provide a direct readout of 
local hydration. By covalently incorporating the dye into the 
polymer network, this technique enables nanoscopic mapping 
of water distribution in both swollen and collapsed gel states.

SMLM for DNA Origami imaging. 
Programmable DNA materials have enabled transformative 

applications in biosensing116, precision medicine117, and DNA-
based computing118. As a polymer of nucleotide monomers, 
DNA possesses well-defined Watson–Crick base-pairing rules 
that provide sequence-specific binding with predictable 
thermodynamics and kinetics.119 Building on the pioneering 
work of Seeman and Rothemund120,121 these principles have 
enabled the design of sophisticated 2D and 3D DNA origami 
structures that organize biomolecules with nanometer 
precision (Figure 9a). These structures are assembled by folding 

a long single-stranded DNA scaffold into defined shapes using 
hundreds of short “staple” strands through complementary 
base pairing, creating addressable nanoscale architectures. 
DNA origami serves as an exceptional platform for validating 
SRM75, providing precisely engineered nanostructures (e.g., 
DNA nanogrid and nanoruler) with programmable binding sites 
at known positions (Figures 9b-c)115. 

The integration of DNA origami for structural fabrication with 
DNA-PAINT for high-resolution visualization exemplifies how 
DNA’s molecular programmability supports both the 
construction and interrogation of nanoscale architectures.122 
DNA-PAINT leverages this programmability by incorporating 
“docking” strands at specific sites on the origami, which 
transiently bind fluorescent “imager” strands in solution (Figure 
3d). The resulting stochastic on–off fluorescence enables single-
molecule localization with sub-5 nm precision (Figure 9d), while 
continuous imager exchange eliminates photobleaching and 
supports long-term, quantitative, and multiplexed 3D imaging. 

Figure 9. (a) Illustration of programmable DNA materials to assemble DNA origami; (b) a schematic shows DNA-PAINT imaging of a DNA origami 
sample designed as a reference target for SRM imaging quality evaluation; (c) the corresponding DNA-PAINT image and (d) the histogram of relative 
localizations distance in c. Scale bars is 50 nm. Reproduced with permission from Ref. 115. Copyright 2021 European Chemical Societies Publishing

Figure 10. Illustration of the hierarchical structure of DNA polymer, chromatin fibers and higher-order assemblies.
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Beyond serving as biological model systems, DNA-based 
assemblies are increasingly viewed as a blueprint for designing 
programmable synthetic polymers materials that combine 
molecular precision, structural tunability, and optical 
addressability to enable the next generation of functional 
nanoscale imaging and fabrication.

SMLM for DNA hierarchical organization in natural systems. 
The polymeric nature of DNA underpins its dual role as a 

genetic information carrier and as a dynamic template for 
replication and repair which are processes essential for cellular 
viability and organismal survival. In biological systems, DNA 
exhibits a hierarchical organization spanning multiple length 
scales: from nucleosomes (~150 base pairs, ~10 nm) to 30-nm 
chromatin fibers (several kilobase pairs), chromatin 
compartments hundreds of nanometers in size (megabase 
pairs), and chromosomes extending up to several micrometers 
(hundreds of megabase pairs) (Figure 10). SMLM has made it 
possible to visualize these higher-order DNA and chromatin 
architectures with nanometer resolution. Liu and co-workers 
developed Hoechst–Cy5, a covalently linked fluorescent 
conjugate that combines Cy5’s superior photoswitching 
properties with Hoechst’s sequence-specific DNA binding, 
enabling molecular-scale imaging of genomic DNA 
organization.123 Using this probe, they revealed heterogeneous 
chromatin nanodomains that were previously undetectable by 
conventional microscopy (Figure 11).

Functional SMLM imaging further captured dynamic DNA 
compaction states, revealing progressive nanodomain 
shrinkage from normal to precancerous to cancerous tissue, 
reflecting the disruption of higher-order chromatin folding 
during tumorigenesis. Two-color SMLM additionally mapped 
DNA polymers relative to nuclear machinery, showing how 
open chromatin conformations facilitate RNA polymerase II 
access, while fragmented nanodomains associate with the 
nuclear lamina during cancer progression. This approach 

successfully distinguished DNA architectures across diverse cell 
types, from open chromatin in intestinal stem cells to 
condensed configurations in quiescent immune cells, providing 
molecular-level insights into genome organization and 
transcriptional regulation. Importantly, analyses of tissues from 
Lynch syndrome patients revealed chromatin abnormalities 
even in histologically normal samples, suggesting that 
nanoscale chromatin signatures may serve as early biomarkers 
of genetic predisposition. In short, this work establishes a 
paradigm for functional DNA polymer imaging, which not only 
advances our understanding of genome organization in health 
and disease but also provides conceptual and methodological 
inspiration for imaging and interpreting structure–function 
relationships in synthetic polymer systems, where hierarchical 
organization and dynamic conformational changes similarly 
govern material properties.

Phalloidin-PAlNT for Actin fiber
Actin filaments derive from the ATP-regulated 

polymerization of globular actin into dynamic, semiflexible 
helices that support cellular mechanics, membrane remodeling, 
and force transmission. Despite their divergent biological roles-
cytoskeletal function Understanding the nanoscale organization 
of actin filaments in cells and intact tissues remains challenging 
due to the loss of phalloidin signals during expansion and the 
limited optical accessibility of thick samples. To addresses the 
long-standing challenge of quantitatively super-resolving F-actin in 
mechanically fragile membrane protrusions, where conventional 
phalloidin-based dSTORM suffers from labeling loss and biased 
quantification. Hu’s group demonstrated a phalloidin-PAlNT, 
exploiting the intrinsic and chaotrope-enhanced dissociation of dye-
conjugated phalloidin. By adding moderate concentrations of KSCN 
(potassium thiocyanate), phalloidin-F-actin dissociation and 
sampling rates are increased without denaturing cellular structures, 
yielding consistent nanoscale reconstructions across the entire cell. 
Using U2OS cells and both immortalized and primary dendritic cells, 
phalloidin-PAlNT reveals thin actin filaments, preserves delicate 
membrane protrusions, and enables unbiased quantification of local 
actin densities (Figure 12b).124 More importantly, the method 
captures F-actin redistribution from podosomes to cytoskeletal 
filaments upon lipopolysaccharide stimulation, demonstrating its 
utility for probing stimulus-induced cytoskeletal remodelling at the 
nanoscale.

SMOLM for Amyloid fibers imaging
Amyloid fibers emerge from the misfolding and hierarchical 

stacking of β-sheet-rich peptide segments, producing highly 
ordered, rigid fibrils with exceptional mechanical and chemical 
stability. Despite their divergent biological roles-cytoskeletal 
function versus pathogenic aggregation-both systems 
demonstrate how subtle variations in conformation, 
intermolecular bonding, and packing geometry direct the 
emergence of supramolecular architectures. A major challenge 
in understanding amyloid-related pathogenesis is the inability 
to resolve how individual fibrils grow, reorganize, and undergo 
structural decay at the nanoscale. Lew’s group develops single-
molecule orientation localization microscopy (SMOLM), a 
polarization-based method that simultaneously reports 
nanometric emitter locations and full three-dimensional dipole 

Figure 11 Visualization of DNA polymer organization using Hoechst-Cy5. 
(a) STORM image of genomic DNA revealing heterogeneous chromatin 
nanodomains. (b) Magnified view showing detailed DNA polymer 
organization. (c) High-magnification view demonstrating nanometer-
scale DNA compaction patterns. Scale bars: 5 μm (a), 1 μm (b), 200 nm 
(c). Reproduced with permission from Ref. 123. Copyright 2022 
American Association for the Advancement of Science.
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orientations with 18-nm spatial resolution (Figures 12d-e).125 
Using orientation distributions as a structural reporter, the 
authors reconstruct the nano-architecture of amyloid 
assemblies undergoing elongation, heterogeneous bundling, 
and thermal degradation. SMOLM reveals that fibril growth 
proceeds through non-colinear addition of protofilaments, 
leading to distinct orientation domains, while decay is marked 
by progressive disorder and loss of β-sheet alignment (Figure 
12c). Importantly, the method discriminates single filaments 
from bundled structures resolves twisting and local curvature, 
and captures dynamic transitions in individual fibrils. Together, 
these results demonstrate that SMOLM provides a uniquely 
sensitive view of amyloid morphology beyond localization-only 
imaging, enabling direct visualization of growth pathways and 
failure modes. The work establishes orientation-resolved single-
molecule microscopy as a powerful tool for dissecting amyloid 
assembly mechanisms and for probing nanoscale structural 
heterogeneity relevant to neurodegenerative disease.

Conclusions and perspectives
SRM technologies, with their exceptional spatial resolution, 

single-molecule precision in imaging and quantification, 
multiplexing capability, and relatively low invasiveness, have 
rapidly emerged as indispensable tools across the life and 
physical sciences. Over the past two decades, these techniques 
have evolved far beyond their initial applications in cell biology 
and are now driving discoveries in a wide spectrum of fields, 
including neuroscience126,127, immunology128,129, structural 
biology130,131, drug discovery75,132 and nanomaterials science59,133. 
In this Focus article, we introduced the imaging principles of 
SMLM, utilized organic fluorophores and then discussed the 
application of SMLM in polymer-based materials. 

Despite its transformative impact, SMLM remains 
constrained by several technical and practical challenges. 
Limitations in detector performance such as quantum efficiency, 
temporal resolution which continue to affect imaging speed and 
precision. Likewise, the absence of streamlined and accessible 
data-processing pipelines has become a major bottleneck as 

datasets grow in both scale and complexity. From an application 
standpoint, the current palette of fluorophores still falls short in 
simultaneously achieving brightness, photostability, and 
spectral separability, restricting multiplexed and long-term 
imaging. Finally, the technical expertise required for both 
experimental operation and data interpretation limits broader 
adoption beyond specialized laboratories. 

As SMLM continues to penetrate polymer materials research, 
an increasingly important consideration concerns the extent to 
which covalent incorporation of fluorophores perturbs the 
intrinsic structure and dynamic behavior of the host polymer. 
Unlike biological macromolecules, synthetic polymers 
encompass broad chemical diversity and exhibit environment-
dependent chain mobility, packing motifs, and phase behavior 
that may be highly sensitive to the steric volume, charge 
distribution, or local polarity introduced by labeling groups. 
Indeed, recent demonstrations using photochromic and 
spontaneously blinking dyes within polymer matrices highlight 
that even low fractional incorporation can modulate chain 
relaxation, microphase organization, or stress-induced 
reconfiguration. These concerns underscore the need for 
systematic strategies for probe selection, including minimizing 
label density, employing chemically orthogonal anchoring sites, 
and introducing flexible linkers to spatially decouple the dye 
from the backbone. Parallel development of non-perturbative 
modalities-such as PAINT-like transient binders, environment-
sensitive probes, or end-group-specific tagging will be essential 
for ensuring that SMLM reports authentic structural and 
functional features rather than label-induced artifacts. 
Establishing standardized validation metrics that correlate 
photophysics, chain conformation, and mesoscale morphology 
will further enhance the reliability of SMLM as a quantitative 
tool for polymer science.

Parallel to advances in fluorophore chemistry, the rapid 
evolution of expansion microscopy (ExM) offers a compelling 
opportunity to synergistically extend the reach of SMLM into 
previously inaccessible polymer architectures.134–138 While ExM 
has transformed biological imaging through physical 
magnification, the translation of hydrogel embedding, 

Figure 12. (a-b) Illustration (a) of the structure of Actin polymer and (b) a representative PAINT image of actin filaments of a U2OS cell 124. (c-e) 
illustration of Amyloid fibers and higher-order assemblies and SMOLM images (d-e) to quantify amyloid fiber stability and remodeling of  Aβ42 
fiber (d) before and (e) after 10 min of ThT-induced remodeling; Scale bars: (b) 10 μm, (d-e) 300 nm. Panels b and d-e were Reproduced with 
permission from Ref. 124 and Ref. 115. Copyright 2024 ScienceDirect and2021 European Chemical Societies Publishing, respectively
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homogenization, and isotropic swelling to synthetic polymers is 
non-trivial. Many polymers lack intrinsic anchoring sites, exhibit 
solvent-dependent swelling behaviors, or undergo 
morphological rearrangement during gelation-factors that may 
compromise structural fidelity. Nonetheless, emerging ExM 
variants that use carbodiimide-mediated anchoring, click-based 
grafting, or supramolecular retention chemists suggest feasible 
pathways for adapting expansion to block copolymers, 
nanofibers, supramolecular assemblies, and porous or 
heterogeneous polymer networks. when coupled with 
multidimensional SMLM-including spectral, lifetime, and 
orientation modalities ExM could enable molecular resolved 
mapping of phase-separated domains, confined chain dynamics, 
and local heterogeneity across micrometer-to-millimeter fields 
of view, Critical directions include defining polymer-specific 
anchoring strategies, quantifying expansion isotropic relative to 
native mechanical moduli, and designing fluorophores capable 
of retaining their photoswitching behavior throughout the 
swelling workflow. Based on these developments promise to 
establish SMLM-ExM integration as a powerful multi modal 
framework for interrogating polymer materials across 
fundamentally new length scales.

Future advances in SMLM are expected to address these 
challenges through synergistic progress in hardware, chemistry, 
and computation. On the instrumentation side, next-generation 
detectors with enhanced sensitivity, low noise, and high 
acquisition rates will enable faster and more reliable imaging 
even under demanding experimental conditions. Parallel 
advances in fluorophore chemistry to yield brighter, more 
photostable, and environmentally responsive dyes will extend 
the reach of multiplexed, long-term, and in vivo studies. Equally 
transformative is the integration of artificial intelligence (AI) 
into image acquisition and analysis. Deep learning–based 
frameworks such as ANNA-PALM139 and DI-STORM140 have 
demonstrated the ability to reconstruct super-resolution 
images from reduced datasets, while methods like BGnet141 and 
SpecUNet142 enable rapid background correction, denoising, 
and spectral quantification. These AI-driven tools not only 
accelerate image reconstruction but also expand the analytical 
frontier toward automated clustering, spatial statistics, and 
dynamic modeling of molecular assemblies. When combined 
with complementary approaches such as electron or atomic 
force microscopy, SRM will increasingly offer a multi-scale and 
multimodal understanding of complex systems.

Bridging Biological and Artificial Fiber Systems: Looking 
ahead, SRM provides a powerful common ground for studying 
biological and artificial fibrous systems—two domains that 
share fundamental questions about structure, dynamics, and 
function but have evolved largely in parallel. In biological 
systems, SRM reveals how protein and chromatin fibers 
assemble, reorganize, and regulate cellular processes through 
dynamic phase transitions. In artificial systems, it uncovers how 
polymer chains and nanofibers self-assemble, crystallize, or 
undergo stress-induced reconfiguration. Integrating insights 
from both domains, especially through AI-enabled analysis, 
could lead to a unified framework for understanding how 
molecular organization encodes function across living and 

synthetic materials. For instance, concepts such as viscoelastic 
relaxation, cooperative mobility, and defect healing that are 
central to polymer science may inform models of chromatin and 
cytoskeletal organization, while mechanisms of active 
remodeling in cells may inspire new strategies for designing 
adaptive, self-healing, or stimuli-responsive materials.

Author contributions
Conceptualization: S.R., X. G, and Y.Z.; Investigation, Visualization 
and Writing – original draft: S.R., X.G., M.A.S., Y. L., H.M.,; Writing – 
review & editing: Y.Z.; Funding acquisition and Supervision: Y.Z.

Conflicts of interest
 There are no conflicts to declare.

Data availability
A data availability statement (DAS) is required to be submitted 
alongside all articles. Please read our full guidance on data 
availability statements for more details and examples of 
suitable statements you can use.

Acknowledgements
Y.Z. acknowledges the funding support from the National 

Science Foundation (CHE-2246548 and CHE-2441081) and the 
National Institutes of Health (R21GM141675 and 
R35GM155241)

Notes and references
1 P. Qiao, Q. Shi, S. Zhang, X. Zhang, Y. Yang, B. Liu, X. Wang, Q. Luo and L. 
Wang, Materials Today Chemistry, 2022, 24, 100893.
2 T. Banerjee, F. Podjaski, J. Kröger, B. P. Biswal and B. V. Lotsch, Nat Rev 
Mater, 2020, 6, 168–190.
3 G. Xi, M. Xiao, S. Wang, D. Han, Y. Li and Y. Meng, Adv Funct Materials, 
2021, 31, 2007598.
4 Y. Zhou, L. Li, Z. Han, Q. Li, J. He and Q. Wang, Chem. Rev., 2023, 123, 
558–612.
5 K. Y. Perera, A. K. Jaiswal and S. Jaiswal, Foods, 2023, 12, 2422.
6 S. Roy, T. Ghosh, W. Zhang and J.-W. Rhim, Food Chemistry, 2024, 437, 
137822.
7 T. Yimyai, D. Crespy and M. Rohwerder, Advanced Materials, 2023, 35, 
2300101.
8 X. He, C. Cui, Y. Chen, L. Zhang, X. Sheng and D. Xie, Adv Funct Materials, 
2024, 34, 2409675.
9 F. Sun, H. Jiang, H. Wang, Y. Zhong, Y. Xu, Y. Xing, M. Yu, L.-W. Feng, Z. 
Tang, J. Liu, H. Sun, H. Wang, G. Wang and M. Zhu, Chem. Rev., 2023, 123, 
4693–4763.
10 L. Kong, W. Li, T. Zhang, H. Ma, Y. Cao, K. Wang, Y. Zhou, A. Shamim, L. 
Zheng, X. Wang and W. Huang, Advanced Materials, 2024, 36, 2400333.
11 J. Lee, K. Cho and J. Kim, Advanced Materials, 2024, 36, 2310505.
12 Q. Hua and G. Shen, Chem. Soc. Rev., 2024, 53, 1316–1353.
13 D. Fan, Y. Cao, M. Cao, Y. Wang, Y. Cao and T. Gong, Sig Transduct 
Target Ther, 2023, 8, 293.
14 M. A. Beach, U. Nayanathara, Y. Gao, C. Zhang, Y. Xiong, Y. Wang and G. 
K. Such, Chem. Rev., 2024, 124, 5505–5616.
15 X. Liu, C.-F. Liu, S. Xu, T. Cheng, S. Wang, W.-Y. Lai and W. Huang, Chem. 
Soc. Rev., 2022, 51, 3181–3225.

Page 11 of 14 Nanoscale Horizons

N
an

os
ca

le
H

or
iz

on
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
8:

03
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NH00729A

https://www.rsc.org/journals-books-databases/author-and-reviewer-hub/authors-information/prepare-and-format/data-sharing/#dataavailabilitystatements
https://www.rsc.org/journals-books-databases/author-and-reviewer-hub/authors-information/prepare-and-format/data-sharing/#dataavailabilitystatements
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00729a


ARTICLE Journal Name

12 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

16 L. Zhao, Y. Li, M. Yu, Y. Peng and F. Ran, Advanced Science, 2023, 10, 
2300283.
17 S. Cao, A. Thomas and C. Li, Angew Chem Int Ed, 2023, 62, e202214391.
18 X. Cui, M. Wu, X. Liu, B. He, Y. Zhu, Y. Jiang and Y. Yang, Chem. Soc. Rev., 
2024, 53, 1447–1494.
19 M. J. Webber, E. A. Appel, E. W. Meijer and R. Langer, Nature Mater, 
2016, 15, 13–26.
20 G. Huszka and M. A. M. Gijs, Micro and Nano Engineering, 2019, 2, 7–
28.
21 P. J. Haynes, K. H. S. Main, B. Akpinar and A. L. B. Pyne, in Chromosome 
Architecture: Methods and Protocols, ed. M. C. Leake, Springer US, New 
York, NY, 2022, pp. 43–62.
22 K. H. S. Main, J. I. Provan, P. J. Haynes, G. Wells, J. A. Hartley and A. L. B. 
Pyne, APL Bioengineering, 2021, 5, 031504.
23 Honglin Li; Joshua C. Vaughan, .
24 Y. Liu, M. A. Shahid, H. Mao, J. Chen, M. Waddington, K.-H. Song and Y. 
Zhang, Chemical & Biomedical Imaging, 2023, 1, 403–413.
25 E. Betzig, Angew Chem Int Ed, 2015, 54, 8034–8053.
26 O. Zhang, Z. Guo, Y. He, T. Wu, M. D. Vahey and M. D. Lew, Nat. 
Photon., 2023, 17, 179–186.
27 L. Schermelleh, A. Ferrand, T. Huser, C. Eggeling, M. Sauer, O. 
Biehlmaier and G. P. C. Drummen, Nat Cell Biol, 2019, 21, 72–84.
28 M. J. Rust, M. Bates and X. Zhuang, Nat Methods, 2006, 3, 793–796.
29 S. W. Hell, Nat Biotech, 2003, 21, 1347–1355.
30 E. Betzig, G. H. Patterson, R. Sougrat, O. W. Lindwasser, S. Olenych, J. S. 
Bonifacino, M. W. Davidson, J. Lippincott-Schwartz and H. F. Hess, Science, 
2006, 313, 1642–1645.
31 R. M. Dickson, A. B. Cubitt, R. Y. Tsien and W. E. Moerner, Nature, 1997, 
388, 355–358.
32 S. W. Hell and J. Wichmann, Opt. Lett., 1994, 19, 780.
33 Y. Liu, X. Gong, B. Yoder, J. M. Gluck, N. R. Vinueza, X. Liu and Y. Zhang, 
Chemical & Biomedical Imaging, 2025, cbmi.5c00131.
34 S. W. Hell, Angew Chem Int Ed, 2015, 54, 8054–8066.
35 W. E. (William E. ) Moerner, Angew Chem Int Ed, 2015, 54, 8067–8093.
36 S. Hugelier, P. L. Colosi and M. Lakadamyali, Annu. Rev. Biophys., 2023, 
52, 139–160.
37 N. Radmacher, A. I. Chizhik, O. Nevskyi, J. I. Gallea, I. Gregor and J. 
Enderlein, Annual Review of Biophysics, 2025, 54, 163–184.
38 R. M. Power, A. Tschanz, T. Zimmermann and J. Ries, Nat Protoc, 2024, 
19, 2467–2525.
39 R. Van Wee, M. Filius and C. Joo, Trends in Biochemical Sciences, 2021, 
46, 918–930.
40 A. Tomassini, Y. Liu, Y. Zheng, M. A. Shahid, A. Singh, A. K. Singh, W. M. 
Piedra, X. Gong, C. E. Hayter, K. I. Singh, B. Captain, S. Sortino, Y. Zhang and 
F. M. Raymo, J. Org. Chem., 2025, 90, 8214–8227.
41 H. Liu, Z. Ye, Y. Deng, J. Yuan, L. Wei and L. Xiao, TrAC Trends in 
Analytical Chemistry, 2023, 169, 117359.
42 K. Kikuchi, L. D. Adair, J. Lin, E. J. New and A. Kaur, Angew Chem Int Ed, 
2023, 62, e202204745.
43 Y. Zhang, Y. Zheng, A. Tomassini, A. K. Singh and F. M. Raymo, ACS Appl. 
Opt. Mater., 2023, 1, 640–651.
44 Q. Qi, Y. Liu, V. Puranik, S. Patra, Z. Svindrych, X. Gong, Z. She, Y. Zhang 
and I. Aprahamian, J. Am. Chem. Soc., 2025, 147, 16404–16411.
45 B. Brenner, C. Sun, F. M. Raymo and H. F. Zhang, Nano Convergence, 
2023, 10, 14.
46 A. F. Koenderink, R. Tsukanov, J. Enderlein, I. Izeddin and V. 
Krachmalnicoff, Nanophotonics, 2022, 11, 169–202.
47 B. Arnould, A. L. Quillin and J. M. Heemstra, ChemBioChem, 2023, 24, 
e202300049.
48 S. Liu, P. Hoess and J. Ries, Annu. Rev. Biophys., 2022, 51, 301–326.
49 S. Pujals, N. Feiner-Gracia, P. Delcanale, I. Voets and L. Albertazzi, 
Nature Reviews Chemistry, 2019, 3, 68–84.
50 N. Sun, S. Bai, L. Dai and Y. Jia, IJMS, 2024, 25, 11497.
51 D. V. Chapman, H. Du, W. Y. Lee and U. B. Wiesner, Progress in Polymer 
Science, 2020, 111, 101312.
52 S. Dhiman, T. Andrian, B. S. Gonzalez, M. M. E. Tholen, Y. Wang and L. 
Albertazzi, Chem. Sci., 2022, 13, 2152–2166.
53 D. J. Mai and C. M. Schroeder, ACS Macro Lett., 2020, 9, 1332–1341.
54 Z. Qiang and M. Wang, ACS Macro Lett., 2020, 9, 1342–1356.

55 T. A. Klar, S. Jakobs, M. Dyba, A. Egner and S. W. Hell, Proc. Natl. Acad. 
Sci. U.S.A., 2000, 97, 8206–8210.
56 M. G. L. Gustafsson, Proc. Natl. Acad. Sci. U.S.A., 2005, 102, 13081–
13086.
57 M. G. L. Gustafsson, Journal of Microscopy, 2000, 198, 82–87.
58 A. Sharonov and R. M. Hochstrasser, Proc. Natl. Acad. Sci. U.S.A., 2006, 
103, 18911–18916.
59 R. Jungmann, M. S. Avendaño, J. B. Woehrstein, M. Dai, W. M. Shih and 
P. Yin, Nat Methods, 2014, 11, 313–318.
60 K. I. Mortensen, L. S. Churchman, J. A. Spudich and H. Flyvbjerg, Nat 
Methods, 2010, 7, 377–381.
61 J. Ghanam, V. K. Chetty, X. Zhu, X. Liu, M. Gelléri, L. Barthel, D. 
Reinhardt, C. Cremer and B. K. Thakur, Small, 2023, 19, 2205030.
62 M. Sauer and M. Heilemann, Chem. Rev., 2017, 117, 7478–7509.
63 U. Endesfelder, S. Malkusch, F. Fricke and M. Heilemann, Histochem Cell 
Biol, 2014, 141, 629–638.
64 Y. Wang, S. Jia, H. F. Zhang, D. Kim, H. Babcock, X. Zhuang and L. Ying, 
Optica, OPTICA, 2017, 4, 1277–1284.
65 R. P. Nieuwenhuizen, K. A. Lidke, M. Bates, D. L. Puig, D. Grunwald, S. 
Stallinga and B. Rieger, Nat Methods, 2013, 10, 557–62.
66 H. P. Kao and A. S. Verkman, Biophysical Journal, 1994, 67, 1291–1300.
67 B. Huang, W. Wang, M. Bates and X. Zhuang, Science, 2008, 319, 810–
813.
68 P. Prabhat, Z. Gan, J. Chao, S. Ram, C. Vaccaro, S. Gibbons, R. J. Ober 
and E. S. Ward, Proc. Natl. Acad. Sci. U.S.A., 2007, 104, 5889–5894.
69 M. F. Juette, T. J. Gould, M. D. Lessard, M. J. Mlodzianoski, B. S. 
Nagpure, B. T. Bennett, S. T. Hess and J. Bewersdorf, Nat Methods, 2008, 5, 
527–529.
70 S. R. P. Pavani, M. A. Thompson, J. S. Biteen, S. J. Lord, N. Liu, R. J. Twieg, 
R. Piestun and W. E. Moerner, Proc. Natl. Acad. Sci. U.S.A., 2009, 106, 2995–
2999.
71 G. Shtengel, J. A. Galbraith, C. G. Galbraith, J. Lippincott-Schwartz, J. M. 
Gillette, S. Manley, R. Sougrat, C. M. Waterman, P. Kanchanawong, M. W. 
Davidson, R. D. Fetter and H. F. Hess, Proc. Natl. Acad. Sci. U.S.A., 2009, 106, 
3125–3130.
72 F. Huang, G. Sirinakis, E. S. Allgeyer, L. K. Schroeder, W. C. Duim, E. B. 
Kromann, T. Phan, F. E. Rivera-Molina, J. R. Myers, I. Irnov, M. Lessard, Y. 
Zhang, M. A. Handel, C. Jacobs-Wagner, C. P. Lusk, J. E. Rothman, D. Toomre, 
M. J. Booth and J. Bewersdorf, Cell, 2016, 166, 1028–1040.
73 K. Xu, H. P. Babcock and X. Zhuang, Nat Methods, 2012, 9, 185–188.
74 M. Badieirostami, M. D. Lew, M. A. Thompson and W. E. Moerner, 
Applied Physics Letters, 2010, 97, 161103.
75 J. Schnitzbauer, M. T. Strauss, T. Schlichthaerle, F. Schueder and R. 
Jungmann, Nat Protoc, 2017, 12, 1198–1228.
76 M. N. Bongiovanni, J. Godet, M. H. Horrocks, L. Tosatto, A. R. Carr, D. C. 
Wirthensohn, R. T. Ranasinghe, J.-E. Lee, A. Ponjavic, J. V. Fritz, C. M. 
Dobson, D. Klenerman and S. F. Lee, Nature Communications, 2016, 7, 
13544.
77 S. Moon, R. Yan, S. J. Kenny, Y. Shyu, L. Xiang, W. Li and K. Xu, J Am 
Chem Soc, 2017, 139, 10944–10947.
78 Z. Zhang, S. J. Kenny, M. Hauser, W. Li and K. Xu, Nat Methods, 2015, 12, 
935–8.
79 Y. Zhang, K.-H. Song, B. Dong, J. L. Davis, G. Shao, C. Sun and H. F. Zhang, 
Appl. Opt., 2019, 58, 2248–2255.
80 M. J. Mlodzianoski, N. M. Curthoys, M. S. Gunewardene, S. Carter and S. 
T. Hess, PLOS ONE, 2016, 11, e0147506.
81 J. C. Thiele, D. A. Helmerich, N. Oleksiievets, R. Tsukanov, E. Butkevich, 
M. Sauer, O. Nevskyi and J. Enderlein, ACS Nano, 2020, 14, 14190–14200.
82 F. Ali and S. Kundu, ChemRxiv, 2025, preprint, DOI: 10.26434/chemrxiv-
2025-46234.
83 T. Ha, T. Enderle, D. F. Ogletree, D. S. Chemla, P. R. Selvin and S. Weiss, 
Proc. Natl. Acad. Sci. U.S.A., 1996, 93, 6264–6268.
84 T. Ding, T. Wu, H. Mazidi, O. Zhang and M. D. Lew, Optica, 2020, 7, 602.
85 S. Weiss, Science, 1999, 283, 1676–1683.
86 J. Widengren and P. Schwille, J. Phys. Chem. A, 2000, 104, 6416–6428.
87 D. Lee, U. Jeong and D. Kim, Sci. Adv., 2025, 11, eadt6177.
88 W. Sun, S. Guo, C. Hu, J. Fan and X. Peng, Chem. Rev., 2016, 116, 7768–
7817.
89 A. Mishra, R. K. Behera, P. K. Behera, B. K. Mishra and G. B. Behera, 
Chem. Rev., 2000, 100, 1973–2012.

Page 12 of 14Nanoscale Horizons

N
an

os
ca

le
H

or
iz

on
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
8:

03
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NH00729A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00729a


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 13

Please do not adjust margins

Please do not adjust margins

90 S. Samanta, P. Dey, A. Ramesh and G. Das, Chem. Commun., 2016, 52, 
10381–10384.
91 S. Samanta, S. Halder and G. Das, Anal. Chem., 2018, 90, 7561–7568.
92 S. Samanta, S. Halder, P. Dey, U. Manna, A. Ramesh and G. Das, Analyst, 
2018, 143, 250–257.
93 J. E. Berlier, A. Rothe, G. Buller, J. Bradford, D. R. Gray, B. J. Filanoski, W. 
G. Telford, S. Yue, J. Liu, C.-Y. Cheung, W. Chang, J. D. Hirsch, J. M. Beechem 
Rosaria P. Haugland and R. P. Haugland, J Histochem Cytochem., 2003, 51, 
1699–1712.
94 H. Lu, J. Mack, Y. Yang and Z. Shen, Chem. Soc. Rev., 2014, 43, 4778–
4823.
95 N. Boens, V. Leen and W. Dehaen, Chem. Soc. Rev., 2012, 41, 1130–
1172.
96 A. Kamkaew, S. H. Lim, H. B. Lee, L. V. Kiew, L. Y. Chung and K. Burgess, 
Chem. Soc. Rev., 2013, 42, 77–88.
97 A. Loudet and K. Burgess, Chem. Rev., 2007, 107, 4891–4932.
98 Y. Zhang, K. H. Song, S. Tang, L. Ravelo, J. Cusido, C. Sun, H. F. Zhang and 
F. M. Raymo, J Am Chem Soc, 2018, 140, 12741–12745.
99 C. S. Wijesooriya, J. A. Peterson, P. Shrestha, E. J. Gehrmann, A. H. 
Winter and E. A. Smith, Angewandte Chemie International Edition, 2018, 57, 
12685–12689.
100 J. Rumin, H. Bonnefond, B. Saint-Jean, C. Rouxel, A. Sciandra, O. 
Bernard, J.-P. Cadoret and G. Bougaran, Biotechnol Biofuels, 2015, 8, 42.
101 S. Moon, R. Yan, S. J. Kenny, Y. Shyu, L. Xiang, W. Li and K. Xu, J. Am. 
Chem. Soc., 2017, 139, 10944–10947.
102 G. T. Dempsey, J. C. Vaughan, K. H. Chen, M. Bates and X. Zhuang, Nat 
Methods, 2011, 8, 1027–1036.
103 K. Kikuchi, L. D. Adair, J. Lin, E. J. New and A. Kaur, Angew Chem Int Ed, 
2023, 62, e202204745.
104 M. Wang, J. M. Marr, M. Davanco, J. W. Gilman and J. A. Liddle, Mater. 
Horiz., 2019, 6, 817–825.
105 H. Liu, Z. Ye, Y. Deng, J. Yuan, L. Wei and L. Xiao, TrAC Trends in 
Analytical Chemistry, 2023, 169, 117359.
106 H. Cheng, S. Zhang, E. Bai, X. Cao, J. Wang, J. Qi, J. Liu, J. Zhao, L. Zhang 
and J. Yoon, Advanced Materials, 2022, 34, 2108289.
107 Z. Qiang, K. M. Shebek, M. Irie and M. Wang, ACS Macro Lett., 2018, 7, 
1432–1437.
108 R. Ye, X. Sun, X. Mao, F. S. Alfonso, S. Baral, C. Liu, G. W. Coates and P. 
Chen, Nat. Chem., 2024, 16, 210–217.
109 M. W. Gramlich, J. Bae, R. C. Hayward and J. L. Ross, Opt. Express, 2014, 
22, 8438.
110 D. Joshi, M. Hauser, G. Veber, A. Berl, K. Xu and F. R. Fischer, J. Am. 
Chem. Soc., 2018, 140, 9574–9580.
111 M. Wang, J. M. Marr, M. Davanco, J. W. Gilman and J. A. Liddle, Mater. 
Horiz., 2019, 6, 817–825.
112 D. Lee, U. Jeong and D. Kim, Sci. Adv., 2025, 11, eadt6177.
113 Y. Park, D. Jeong, U. Jeong, H. Park, S. Yoon, M. Kang and D. Kim, ACS 
Appl. Mater. Interfaces, 2022, 14, 46032–46042.
114 S. Jana, O. Nevskyi, H. Höche, L. Trottenberg, E. Siemes, J. Enderlein, A. 
Fürstenberg and D. Wöll, Angew Chem Int Ed, 2024, 63, e202318421.
115 M. Ganji, T. Schlichthaerle, A. S. Eklund, S. Strauss and R. Jungmann, 
ChemPhysChem, 2021, 22, 911–914.
116 S. K. Speed, K. Gupta, Y. Peng, S. K. Hsiao and E. Krieg, Journal of 
Polymer Science, 2023, 61, 1713–1729.
117 M. Wang, X. Li, F. He, J. Li, H. Wang and Z. Nie, ChemBioChem, 2022, 23, 
e202200119.
118 H. Lv, N. Xie, M. Li, M. Dong, C. Sun, Q. Zhang, L. Zhao, J. Li, X. Zuo, H. 
Chen, F. Wang and C. Fan, Nature, 2023, 622, 292–300.
119 R. Jungmann, C. Steinhauer, M. Scheible, A. Kuzyk, P. Tinnefeld and F. C. 
Simmel, Nano Lett., 2010, 10, 4756–4761.
120 N. C. Seeman, Journal of Theoretical Biology, 1982, 99, 237–247.
121 P. W. K. Rothemund, Nature, 2006, 440, 297–302.
122 S. Dey, C. Fan, K. V. Gothelf, J. Li, C. Lin, L. Liu, N. Liu, M. A. D. Nijenhuis, 
B. Saccà, F. C. Simmel, H. Yan and P. Zhan, Nature Reviews Methods Primers, 
2021, 1, 13.
123 J. Xu, X. Sun, K. Kim, R. M. Brand, D. Hartman, H. Ma, R. E. Brand, M. Bai 
and Y. Liu, SCIENCE ADVANCES.
124 H. Gunasekara, T. Perera, C.-J. Chao, J. Bruno, B. Saed, J. Anderson, Z. 
Zhao and Y. S. Hu, Biophysical Journal, 2024, 123, 3051–3064.

125 B. Sun, T. Ding, W. Zhou, T. S. Porter and M. D. Lew, Nano Lett., 2024, 
24, 7276–7283.
126 Y. M. Sigal, C. M. Speer, H. P. Babcock and X. Zhuang, Cell, 2015, 163, 
493–505.
127 A. Dani, B. Huang, J. Bergan, C. Dulac and X. Zhuang, Neuron, 2010, 68, 
843–856.
128 B. F. Lillemeier, M. A. Mörtelmaier, M. B. Forstner, J. B. Huppa, J. T. 
Groves and M. M. Davis, Nat Immunol, 2010, 11, 90–96.
129 D. J. Williamson, G. L. Burn, S. Simoncelli, J. Griffié, R. Peters, D. M. Davis 
and D. M. Owen, Nat Commun, 2020, 11, 1493.
130 A. N. Boettiger, B. Bintu, J. R. Moffitt, S. Wang, B. J. Beliveau, G. 
Fudenberg, M. Imakaev, L. A. Mirny, C. Wu and X. Zhuang, Nature, 2016, 
529, 418–422.
131 A. M. Sydor, K. J. Czymmek, E. M. Puchner and V. Mennella, Trends in 
Cell Biology, 2015, 25, 730–748.
132 A. Szymborska, A. De Marco, N. Daigle, V. C. Cordes, J. A. G. Briggs and J. 
Ellenberg, Science, 2013, 341, 655–658.
133 A. Sharonov and R. M. Hochstrasser, Proc. Natl. Acad. Sci. U.S.A., 2006, 
103, 18911–18916.
134 S. Park and X. Shi, in Cilia: Methods and Protocols, ed. V. Mennella, 
Springer US, New York, NY, 2024, pp. 79–88.
135 W. Wang, X. Ruan, G. Liu, D. E. Milkie, W. Li, E. Betzig, S. Upadhyayula 
and R. Gao, Science, 2025, 390, eadr9109.
136 A. H. Shaib, A. A. Chouaib, R. Chowdhury, J. Altendorf, D. Mihaylov, C. 
Zhang, D. Krah, V. Imani, R. K. W. Spencer, S. V. Georgiev, N. Mougios, M. 
Monga, S. Reshetniak, T. Mimoso, H. Chen, P. Fatehbasharzad, D. Crzan, K.-
A. Saal, M. M. Alawieh, N. Alawar, J. Eilts, J. Kang, A. Soleimani, M. Müller, C. 
Pape, L. Alvarez, C. Trenkwalder, B. Mollenhauer, T. F. Outeiro, S. Köster, J. 
Preobraschenski, U. Becherer, T. Moser, E. S. Boyden, A. R. Aricescu, M. 
Sauer, F. Opazo and S. O. Rizzoli, Nat Biotechnol, 2025, 43, 1539–1547.
137 S. Park, X. Wang, Y. Mo, S. Zhang, X. Li, K. C. Fong, C. Yu, A. A. Tran, L. 
Scipioni, Z. Dai, X. Huang, L. Huang and X. Shi, J. Mater. Chem. B, 2024, 12, 
8335–8348.
138 S. Wang, T. W. Shin, H. B. Yoder, R. B. McMillan, H. Su, Y. Liu, C. Zhang, 
K. S. Leung, P. Yin, L. L. Kiessling and E. S. Boyden, Nat Methods, 2024, 21, 
2128–2134.
139 W. Ouyang, A. Aristov, M. Lelek, X. Hao and C. Zimmer, Nature 
Biotechnology, 2018, 36, 460–468.
140 Z. Zhou, W. Kuang, Z. Wang and Z.-L. Huang, Opt. Express, 2022, 30, 
31766–31784.
141 L. Möckl, A. R. Roy, P. N. Petrov and W. E. Moerner, Proceedings of the 
National Academy of Sciences, 2020, 117, 60–67.
142 H. Mao, Y. Liu, O. KanchanadeviVenkataraman, M. A. Shahid, C. 
Laplante, D. Xu, K.-H. Song and Y. Zhang, Anal. Chem., 2025, 97, 16250–
16258.

Page 13 of 14 Nanoscale Horizons

N
an

os
ca

le
H

or
iz

on
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
8:

03
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NH00729A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00729a


Data availability
No primary research results, software or code have been included and no new data were generated or 
analysed as part of this review.

Page 14 of 14Nanoscale Horizons

N
an

os
ca

le
H

or
iz

on
s

A
cc

ep
te

d
M

an
us

cr
ip

t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

7 
D

ec
em

be
r 

20
25

. D
ow

nl
oa

de
d 

on
 1

2/
24

/2
02

5 
8:

03
:3

8 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D5NH00729A

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00729a

