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Key learning points

(1) A brief overview of key super-resolution microscopy techniques is provided.

described and these discussions are illustrated with a variety of examples from the recent literature.

(2) The working principle of these different nanoscopy techniques for bioimaging are described.

(3) A critical assessment of the application of conventional luminescent materials and their use in nanoscopy is presented.

(4) The biological significance of various luminescent materials designed at the nanoscale and their organelle/tissue-specificities in super-resolution imaging

application is discussed.

(5) Potential future challenges, perspectives, and directions for material chemistry applied to nanoscopy are presented.

Introduction

The cell is the structural and functional unit of living organ-
isms. Exploring the panoply of cellular processes active within
its organelles is crucial to a better understanding of many
diseases. Such knowledge is vital in the discovery and develop-
ment of new diagnostics and next-generation therapeutics.
With the advent of advanced microscopic and imaging techni-
ques, researchers developed methodologies to separately study
each individual cell compartment, facilitating the identification
of many inter- and intra-organelle biochemical processes."” In
more recent years, super-resolution techniques have addressed
many of the limitations of conventional optical microscopy,
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such as substantial point spread function anisotropy,
diffraction-limited resolution, depth-dependent degradation
in scattering samples and volumetric bleaching.® These devel-
opments, together with the creation of specially engineered/
optimized excitation light, new luminescent dyes, highly sensi-
tive detectors, and reconstruction algorithms, have sur-
mounted the classical diffraction limit of optical microscopy.
Nanoscopy techniques even offer the chance to visualize
individual molecules as they dynamically interact during intra-
cellular processes that drives cell behaviour.*”” However, many
of these modalities are still not established and thus their true
capabilities and potentials are yet to be realized.®’

Why super-resolution?

Since the 17th century, the optical microscope, which utilizes
visible light and a system of lenses to magnify images, has
played a pivotal role in unravelling vital questions in biology."°
Yet, despite many technological inventions and manufacturing
breakthroughs, obtaining well-resolved images with the minimal
aberration of nano-structured objects still remains a challenge.
Even when computer-aided optical design and automated grind-
ing methodology are utilized to construct lens components,

This journal is © The Royal Society of Chemistry 2022
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diffraction effects mean that lateral distances less than half the
imaging light wavelength are left unresolved.''* Effectively, this
means that two objects that are held closer than approximately
220 nm will not image as separate structures. Initial moderate
enhancements on this spatial resolution along the lateral and
axial axes were achieved through confocal and multiphoton
techniques.

By utilizing laser excitation and a pinhole-restricted detection
system, laser scanning confocal microscopy improves spatial
resolution by a factor of 1.4. This improvement is achieved by
a pair of re-scanning mirrors between the pinhole and detector
that allows for de-coupling of the magnification of the object and
scanning spot.”® In multiphoton fluorescence microscopy, non-
linear absorption processes are exploited to reduce the effective
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size of the excitation point-spread function, but this requires
long-wavelength excitation light. Thus, the advantage of laser
scanning confocal/multiphoton microscopy is limited mostly
to the reduction of background signals that originate from
emission sources away from the focal plane,"* and resolution
remains limited to >100 nm in another plane. In the last few
decades, these limitations have been broken by the development
of several super-resolution techniques (Fig. 1).">”

The main super-resolution techniques

The key to the majority of super-resolution methods is to
render dye or probe molecules visible for only a short period
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Fig. 1 Classification of super-resolution microscopy methods that utilize localization as 2D or 3D point clouds. The abbreviations are: structured
illumination microscopy (SIM); single-molecule localization microscopy (SMLM); stimulated emission depletion (STED) microscopy; stochastic optical
reconstruction microscopy (STORM); photoactivated localization microscopy (PALM); minimal photon fluxes (MINFLUX); points accumulation for

imaging in nanoscale topography (PAINT).

and/or prevent specific molecules within the specified diffraction
region from being detected.">'® Selective switching between two
fluorophore states, usually an ‘Emission ON’ state and ‘Emission
OFF state, has been utilized to develop sub-diffraction-resolution
imaging.’® This methodology, generalized under the acronym
RESOLFT—reversible saturable optical fluorescence transitions,*
was first realized by stimulated emission depletion, STED -
Fig. 9,.1821-27

Stimulated emission is exploited in STED microscopy to
switch a distribution of fluorophores into the required ‘OFF’
state. A sharply focused Laguerre-Gaussian depletion (erase)
beam - with either a spiral phase plate or spatial light
modulator (SLM) - illuminates a toroidal cross-section of the
sample plane being excited by a sharply focused pump beam,
forcing luminophores within its volume to de-excite through
stimulated emission. The luminophores at the centre of the
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doughnut-shaped depletion beam are at an intensity minimum
and thus are not “turned off”’. Any further increase in the
intensity of the depletion beam results in an increasingly
smaller point spread function (PSF) - see Fig. 2F.

Gated-STED (g-STED) is the most commercially exploited
technique that uses ultrashort pulsed excitation and STED
lasers with gated detectors to further improve the signal-to-
noise ratio and effective spatial resolution of measurements.
One drawback of STED is the fact that as high illumination
fluxes are required for efficient stimulated emission depletion,
luminophores with lower photostability are not suited to this
technique.

Another class of super-resolution microscopy involves
single-molecule localization microscopy (SMLM) and includes
techniques such as stochastic optical reconstruction microscopy
(STORM), direct STORM (dSTORM), photoactivated localization
microscopy (PALM), and point accumulation for imaging in nano-
scale topography (PAINT). For SMLM, conventional wide-field
excitation is used and super-resolution is achieved by compu-
tationally localizing individual fluorescent molecules through
Gaussian peak fitting during the accumulation of thousands
of images from sparsely distributed fluorescence molecules
(Fig. 3).

Localized fluorescence is utilized to generate images with
high spatial resolution typically ~20-50 nm, or to define
molecular trajectories.>**** In the PAINT technique, an object is
imaged continuously by a probe which is only in its fluorescence
ON state when bound to an object and is switched OFF when it
dissociates from the object or is photobleached. The observed
stochastic blinking caused by transient binding depends on the
diffusion coefficient and concentration gradient of individual
probe molecules.**** However, obtaining images with high
spatial resolution using a fluorescent marker which is required
by the technique to display low to moderate binding to the
object adversely influences the data acquisition process.

Generally, issues like fluorescence intensity, photobleaching,
optical aberration, and background noise due to intracellular

This journal is © The Royal Society of Chemistry 2022
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(a) Graphical illustration of the excitation, stimulated emission and fluorescence processes. (b) Two diffraction limited intense STED spots (brown),

overlapped with an excitation spot (blue) having an offset (Ax), green emission of the fluorophores in the outer region of the excitation spot are effectively
depleted to the ground state by stimulated emission. This attributes to a better resolved fluorescence spot with reduced diffraction limit, in the direction
of the offset. (c) A doughnut-shaped STED spot (brown) overlapped with an excitation spot (blue) results a confinement of the area that allows
fluorophores to fluoresce. (d) Graphic representation of the overlap of the intensities of the STED donut shaped spot (orange) and excitation spot (blue) in
one dimension and (e) a decrease in the width of the effective fluorescence (green) (Ar: FWHM) as a result of stimulated emission depletion. (f) Graphical
presentation to reveal the role of intensity of the STED emission in improving resolution (Ar: FWHM of the effective fluorescence). Reproduced with

permission from ref. 27, Copyright 2012, Master Thesis, University of Twente, 2012.

autofluorescence adversely influence the signal-to-noise ratio of
both RESOLFT and SMLM and limit their application. Some of
these deficiencies are addressed in structured illumination
microscopy (SIM), as it utilizes a relatively low illumination light
power. In SIM, the object is illuminated by a set of patterned
intensities, and an image of the object is reconstructed using a
conventional wide-field microscope. This provides an improve-
ment in transverse spatial resolution. Recent advances in
high frame rate acquisition, together with low phototoxicity
associated with less intense illumination powers, make SIM a
workable option for imaging biological dynamics and real-time
biochemical processes in living cells at super-resolution.*® The
standard Super-Resolution Structured Illumination Microscopy
(SR-SIM) technique is suitable for imaging thin samples (<10 um)
with some compromise in temporal resolution, while spot-
scanning implementation offers better background rejection
and is more suited for thicker specimens (~10-100 pum).*®

This journal is © The Royal Society of Chemistry 2022

Recent advances have made instant SIM (iSIM) the fastest
SR-SIM method available, owing to its parallel illumination
and analogue processing. This also allows for 10x deeper
sample penetration than is obtained with conventional SIM,
opening up the possibility of observing previously unvisualized
sub-diffraction limited dynamic processes within cells and
tissues.

Minimal photon flux (MINFLUX) nanoscopy is a new hybrid
strategy that utilizes structured illumination along with single-
molecule localization to extract the maximum positional infor-
mation on a single molecule.*® By targeting single emitters
using a doughnut-shaped excitation beam with a central intensity
minimum (ideally zero), MINFLUX provides 3D localization of
fluorescent labels at a spatial resolution of <5 nm (Fig. 4).”° As
MINFLUX relies on emission minimization rather than maximi-
zation, this data acquisition/processing is typically fast while
minimizing photobleaching and signal drift.

Chem. Soc. Rev,, 2022, 51, 9882-9916 | 9885
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Fig. 3 Depiction of SMLM imaging principle: the red circle represents the biological structure below the diffraction limit which is labelled with a suitable
dye for visualization with a fluorescence microscope. Compared to the conventional diffraction-limited wide field microscope which produces a rather
diffused image, SMLM imaging produces a more resolved image that is constructed from a set of time-separated images, wherein each time frame image
contains a small set of excited and imaged labelled object that can be localized using Gaussian point spread functions and accumulated to form the final
point-cloud super-resolution image for the structure. Reproduced with permission from ref. 11, copyright 2020, CellPress.

Theoretical background: how does
brightness of a luminophore enhances
resolution?

Though biological structures range several orders of magnitude
in length scale, the resolution in numerous types of biological
light microscopy is very limited.*® The resolution limit of a far-
field optical system is quantified by the Rayleigh criterion:*'

re = 0.61 x A/NA

where /4 is the wavelength of the illumination source photons
and NA is the numerical aperture of the lens system.

To effectively visualize a specific biological sub-structure,
most luminescence-based imaging methods depend on obser-
vation of a huge number of molecules instantaneously, which is
intrinsically limited because the distance between observed
molecules is much less than rg. However, super resolution
imaging techniques either reduce the size of the observation
volume or increase the accessible Fourier space and therefore
increase the number of accessible spatial frequencies.

The localization precision o, for point-like objects imaged in
two dimensions by fluorescence microscopy is given by;*>

81’[?’04b2
q2 N2

627r02+q2/12
X N

where r, is consider as the standard deviation of the point
spread function, the total number of photons collected in N, b
is the background noise per pixel, and g is the size of an image
pixel. From the above equation, it is clear that molecular
localization can be considerably more precise than the optical

9886 | Chem. Soc. Rev., 2022, 51, 9882-9916

resolution by a factor of as much as v/N. Therefore, the number
of detected photons is crucial for improving localization preci-
sion compared to resolution. For a single molecule capable of
emitting ~10° visible photons (lem = 500 nm) before photo-
bleaching, positional localization can be as exact as ~500 nm/
(105)0.5, or a few nanometers. Subsequently the finite detection
efficiency (typically <5%) of current single-molecule fluores-
cence microscopes, an estimate of the number of collected
photons, is Neon = ¢Qget/Py, Where @p is the photobleaching
quantum yield for the molecule and ¢qe is the detection
efficiency, and the two-dimensional localization precision
becomes*’

8TEI‘04b2
qucollz

8 TCI'()4 bz (1532

qzd)delz

2 2]2
g2="T0 +q°/

. (DB(VOZ +q2/]2)
* Ncoll

¢del

As increased b will increase o, it is essential that background
noise is minimized, including the background from inactive
protein molecules.

Dyes and probes in super-resolution
microscopy

Molecular organic dyes and fluorescent proteins are most
commonly used as imaging probes in optical microscopy, as
they allow for functionalization to achieve the right balance of
lipophilicity and hydrophilicity for efficient internalization and
general compatibility with biological objects.**™*” However, for
continuous monitoring of single molecules and real-time
super-resolution imaging of subcellular organelles, bright

This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Setup, measurement strategy, and various application fields of the 2D MINFLUX implementation: (A and B) (A) simplified setup (details in materials
and methods). An excitation laser beam (green) is shaped by a vortex-phase mask forming a doughnut intensity spot in the focal plane of the objective
lens. The intensity of the beam is modulated and deflected such that its central zero is sequentially placed at the four focal plane positions fq 1 2 3 indicated
by blue, violet, red, and yellow dots, respectively. Photons emitted by the fluorescent molecule (star) are collected by the objective lens and directed
toward a fluorescence bandpass filter (BPF) and a confocal pinhole (PH), by using a dichroic mirror (DM). The fluorescence photons ng ;3 counted for
each doughnut position ¥ 1 » 3 by the detector (DET) are used to extract the molecular location. Intensity modulation and deflection, as well as the photon
counting, are controlled by a field-programmable gate array (FPGA). (B) Diagrams of the positions of the doughnut in the focal plane and resulting
fluorescence photon counts. (C to E) Basic application modalities of MINFLUX. (C) Nanoscopy: a nanoscale object features molecules whose
fluorescence can be switched on and off, such that only one of the molecules is on within the detection range. They are distinguished by abrupt
changes in the ratios between the different ng 1 2,3 or by intermissions in emission. (D) Nanometer-scale (short-range) tracking: the same procedure can
be applied to a single emitter that moves within the localization region of size L. As the emitter moves, different fluorescence ratios are observed that
allow thelocalization. (E) Micron-scale (long-range) tracking: if the emitter leaves the initial L-sized field of view, the triangular set of positions of the
doughnut zeros is (iteratively) displaced to the last estimated position of the molecule. By keeping it around 7o by means of a feedback loop, photon
emission is expected to be minimal for ng and balanced between nj, n,, and nz, as shown. Reproduced with permission from ref. 39, copyright 2016,

American Association for the Advancement of Science.

photostable probes are demanded, yet many organic dye mole-
cules undergo photobleaching on irradiation.**>!

Despite such limitations, appropriately designed chemo-
dosimetric reagents with a fluorescence ON response still
provide an distinct advantages in imaging applications.” Based
on mechanistic pathways that allow luminophores to switch
between ON and OFF states, SMLM fluorophores belong to five
categories; (i) photoswitchable fluorophores that reversibly
oscillate between ON and OFF states with an option to ‘blink’
several times (Alexa Fluor 647, ATTO 665, etc.), (ii) photoactivated
fluorophores that irreversibly switch between an OFF to ON
state, either spontaneously or upon activation by light (PA Janelia
Fluor™ 549, PA Janelia Fluor™ 646, Cy5B, PA-TagRFP, PA-GFP,
PAmKate, etc.), (iii) photoconvertible fluorophores that switch
irreversibly to another spectral state upon irradiation (Dendra2,
mMaple, etc.), (iv) spontaneously blinking dyes that undergo a

This journal is © The Royal Society of Chemistry 2022

reversible, pH-dependent chemodosimetric reaction to enable
SMLM imaging at a defined media pH (HMSiR39, HEtetTFER40,
FRDA41, etc.), (v) transiently interacting dyes that have low affinity
towards a target. As discussed above, such probes are ideally
suited for PAINT as they help to replenish photobleached dyes
weakly bound to a target with a fresh supply of transient labels
from the bulk medium which counter the loss in signal caused
by photobleaching (examples include; nile red, DFHBI-1T, M739,
HBR-DOM, etc.). Comparing synthetic dyes and fluorescent
proteins, synthetic dyes allow shorter imaging times and better
localization precision as synthetic dyes typically have higher
photon counts.

In recent years, advances in the materials sciences have
provided considerable opportunities to address the shortcomings
of extant fluorescent dyes.> In particular, the design of
nanoscopically-sized probes with well-defined optical properties

Chem. Soc. Rev., 2022, 51, 9882-9916 | 9887
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Fig. 5 Dissecting eukaryote cells with nanoscopy. (a) Nuclear pores. Left: Averaged direct stochastic optical reconstruction microscopy (dSTORM)
image showing the distribution of two nuclear pore (Nup) proteins in the nuclear pore complex (NPC) of Xenopus laevis; right: two possible
arrangements for the Nup107-160 complexes based on ground state depletion with individual molecule return (GSDIM) data from a human NPC are
traced within the electron density of the cytoplasmic ring of the nuclear pore. Scale bars: 100 nm (left), 25 nm (right). (b) Chromatin domains in
Drosophila melanogaster nuclei. (c) Synaptic vesicles in living rat neurons. (d) Cytoplasmic ribosomes in a human cell (e) live nanoscopy of Golgi-derived
vesicles. (f) Lysosomes in a living mammalian cell. Scale bar: 1 um. | | Centrioles in mammalian cells. Scale bar in the right panel: 250 nm. All scale bars are
500 nm unless stated otherwise. (g) Live-cell nanoscopy imaging (left) and 4Pi single-molecule switching nanoscopy (right) of the endoplasmic reticulum
in a mammalian cell. Scale bars: 1 pm. (h) Nanoscopy of the cytoskeleton in a mammalian cell. Left, Top: Microtubules (in comparison with a confocal
recording); left, bottom: vimentin (in comparison with a confocal recording); right: actin. The scale bar in the right panel is 2 um. (i) Nanoscopy images of
mitochondria in human cells. Left: Outer membrane protein Tom20 (in comparison with a confocal recording); right: FIFOATPase in the inner
membrane. (j) | Centrioles in mammalian cells. Scale bar in the right panel: 250 nm. All scale bars are 500 nm unless stated otherwise. (k) Human
fibroblasts immunolabelled for the peroxisomal protein PEX5 (red) and the mitochondrial protein Tom20 (green). The arrow shows the colocalization of
the two proteins. (I) Focal adhesions in human cells. The colours indicate the vertical (z) coordinate of the labelled actin relative to the substrate.
Reproduced with permission from ref. 18, Copyright 2017, Springer Nature.

have resulted in a large collection of luminescent nanoparticles
such as perovskite quantum dots,> upconversion nano-
particles (UCNPs),>* semiconductor quantum dots (QDots),>
fluorescent nanodiamond,’® polymer dots and carbon-based
graphene nanodots (GQDs).”” Though they are still large
relative to dye molecules, they are often comparable in size to
fluorescent proteins. And while substantial challenges lie
ahead with respect to their complicated surface biochemistry,
the many advantages of these nanoparticles are well estab-
lished, prompting the cell biology and materials science com-
munities to explore their full capabilities in functional
subcellular imaging at the nanoscale (Fig. 5).'®

This review is focused on the recent progress and future
potential of such luminescent nanoparticles for use in tracking
single molecules and super-resolution imaging of subcellular
structures, enabling high-resolution visualization of various
biological structures such as mitochondria, lysosome, endoplas-
mic reticulum, microtubules, chromatin complexes, neurons,
clathrin-coated pits, focal adhesion complexes and actin.'>”® We
also discuss the challenges associated with their use in biological

9888 | Chem. Soc. Rev., 2022, 51, 9882-9916

systems, including intracellular delivery, molecular targeting
and quantitative analysis.

In fluorescent quantum dots, QDs

Factors that are crucial for efficient SRM with QDs are; (i)
efficient cellular internalization and organelle/tissue-specific
localization of the probe molecules, (ii) monovalency of the
fluorophore-bioconjugate with an appreciable binding affinity
between probe and target, (iii) high emission quantum yields
along with appreciable stability towards photobleaching, (iv)
stochastic switching of fluorescence states between fluores-
cence “OFF” and “ON” states.

Innumerable research articles have appeared in the literature
on the use of QDs for biological imaging since their first
demonstration in 1998;°>°° typically, QDs possess excited state
lifetimes (> 10 ns) that are longer than those of fluorescent dyes
and small proteins, and they are stable towards photobleaching
on irradiation or chemical degradation under physiological

This journal is © The Royal Society of Chemistry 2022
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functionalization with (i) amphiphilic polymer coating with -COOH groups, (i) PEG oligomers, (iii) dithiol ligand with a distal PEG oligomer, (iv) a
zwitterionic functionality, (v) a distal -COOH group. R groups (as shown in this image) include carboxyl, amine, and methoxy; while other functionalities
can be introduced (e.g., see vi, x, xi) following appropriate synthetic methodologies. As shown in this image, protocols for conjugating biomolecules of
interest are as follows: (vi) biotin—streptavidin binding, (vii) polyhistidine self-assembly on the outher surface of the shell-structure of the QD, (viii)
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conjugation between the functional groups and, in principle, their interchangeability. Reproduced with permission from ref. 68, copyright 2013, Optica.

conditions. Due to exciton quantum confinement, they display
size/composition-dependent bright fluorescence (450 to 1500 nm),
which can be tuned by tailoring their size, shape, and
composition.®”®> As they also possess larger two-photon
absorption cross-sections (10°-10* GM) than typical fluorescent
molecular dyes or fluorescent proteins, they have become an
attractive choice for applications in SRM.>"**"®® Importantly,
surfaces of QD nanocrystals can be post-functionalized with a
variety of biomolecules (e.g., antibodies, peptides, proteins,
DNA, and vitamins) through well-known conjugation techni-
ques (Fig. 6).°°7°®

This also opens up possibilities for multivalent binding via
multiple targeting moieties.®®’® Flexibility in emission wave-
length, as well as in surface chemistry of bioconjugated QDs,
enables their use as nanoprobes for a wide range of applications in
nanomedicine and biophotonics, including; near-IR deep-tissue
imaging,” fluorescence imaging in the nearIR (eg, 1000-
1400 nm), single-cell detection, and controlled release of drugs.”

The bright fluorescence and fluorescence intermittency of
QD-materials facilitates the spatial and temporal localization of
individual QDs, which are more important for SRM techniques
like PALM, fPALM, STORM, and dSTORM. However, as QD
blinking is stochastic, they are not ideal for localization

This journal is © The Royal Society of Chemistry 2022

microscopy and single-molecule tracking experiments. Also,
their tendency toward toxicity and nonspecific binding have
somewhat restricted their wider application in SRM.”>7*

In 1998, Weiss, Alivisatos and their co-workers were the first
to use CdSe-CdS core-shell nanocrystals, enclosed in a silica
shell for better water dispersibility, for imaging 3T3 mouse
fibroblast cells using confocal laser scanning microscopy.®® At
the same time, the Nie group used ZnS capped QDs with a CdSe
core functionalized with transferrin (an iron transport protein))
for imaging.>® In 2008, Hell and colleagues were first to use
Mn**-doped ZnSe QDs for STED imaging. QD fluorescence was
depleted efficiently (90%) and this resulted in a huge number
of fluorescent switch ON-OFF cycles before photobleaching was
observed, resulting in a factor of x4.4 improvement in
resolution.”> However, the small Stokes’ shifts that are typical
of such materials limit the choice of an appropriate depletion
beam.”® To address this limitation, the high photostability of
commercially available ZnS-coated CdSe QDs and CdTe QDs
(Fig. 7a) with an option for repeated STED recordings with large
number of frames have been used.

Results also reveal that the tendency of quantum-dot labels
to blink could effectively be suppressed by the combined action
of excitation and STED beams. This helped to achieve better

Chem. Soc. Rev,, 2022, 51, 9882-9916 | 9889
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Fig. 7 The excitation (- - -) and emission (—) spectra recorded for antibody-coupled ZnS-CdSe QD705 (inset) are shown along with excitation laser line
at dexc= 628 nm (brown) and the STED laser line at Zstep = 775 nm (red). Imaging of vimentin fibres with QD705: (a) using Jexc = 628 together with Astep =
775 nm laser beams. Scale bar: 1 mm. (b) Imaged with the Astep = 775 nm. Both images were obtained with line-wise multiplexing. (c) Deduction of the
image (b) from that of (a) using a 3 x 3 median filter). (d) Image of the identical sample region using conventional confocal microscopy with an adjusted
lookup tables for better visualization. (e and f) Respectiveimages are inserts from the images shown in c and d (scale bar: 1 um). (g) Intensity profile for
a single vimentin fibre as shown in figures (a) and (b). (h) Intensity profile of the subtracted image (c) and (d) for single vimentin fibre. (i) A plot to show the
line profiles (positions indicated with white arrow heads in (e) and (f)) to demonstrate two fibres could be resolved to a distance of 140 nm in the super-

resolved image, which was not possible in confocal image. Reproduced with permission from ref. 77, Copyright 2015, Springer Nature.

resolved and background-free images (Fig. 7b).”” Biofunctiona-
lized QD705 helped to yield a 2.7-fold improvement in resolution
(Fig. 7c-i).

Following these reports, Kner et al. reported multiple colour
super-resolution imaging with CdSe/ZnS QDs (core/shell) without
sacrificing resolution (Fig. 8),”® successfully establishing that blue-
shifted QDs could be controlled to maximize the number of
imaged localizations. They also used Quenched Stochastic Optical
Reconstruction Microscopy (QSTORM) with high photon count

9890 | Chem. Soc. Rev., 2022, 51, 9882-9916

QDs to measure microtubule widths and two QDs with widely
different excitation wavelengths to separate their emission into
discrete channels.

Through STED and SIM super-resolution imaging of
microtubule networks in HeLa cells, Xi, et al. have compared
the performance of streptavidin-conjugated (SC) cadmium
selenium QDs (Zem = 775 nm) with that of a conventional
super-resolution dye (a cationic dye, ATTO 647N)”° (Fig. 9).
STED, SIM and localization-based super-resolution microscopy

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 Microscopic images of microtubules in HepG2 cells: (a) STORM
using QD565 and (b) wide-field images QD705 (scale bar: 2 um). Wide-field
(c) and STORM (d) images shown in the white square box 1 in (a); scale bar =
500 nm. (e) STORM image of the region shown in box 2 in (a); scale bar =
500 nm. (f) STORM image: cross-section of a microtubule with FWHM of
38 nm and (g) image shown in the white square 3 in (b); scale bar: = 500 nm.
A cross-section of a microtubule is shown in (h). Cross-section of a
microtubule with FWHM of 35 nm. Reproduced with permission from
ref. 78, Copyright 2015, American Chemical Society.

were also statistically compared, and respective estimated
resolutions of ~60 nm, ~ 120 nm and ~ 50 nm were attained.

The Ryu group developed a DNA-PAINT technique to further
improve the resolution limit of conventional SMLM techniques
that utilizes organic dyes.*®®® A spatial resolution of ~5 nm could
be achieved for in in vivo experiments by primarily enhancing the
photon number that critically determines spatial resolution.

Specific and monovalent QDs (CdSe:ZnS with Zen,s of 585 nm)
were phase transferred from the organic to the aqueous phase
and encapsulated with a 50-adenosine phosphorothioate DNA
(ptDNA) polymer for the imaging application. Following passi-
vation with ptDNA and tuning of hybridization sequences,
monovalent and specific QDs became photo-switchable via
QD-PAINT and showed much-improved fluorescence intensity
compared to Cy3.%° Due to the narrower full-width-at-half-
maximum, FWHM, for surface-modified CdSe:ZnS compared
to that of Cy3, a theoretical maximum improvement in spatial
resolution by a factor of ~3 was evaluated for QD-PAINT, this
translated into an experimental improvement in resolution of
2.9-fold (Fig. 10) compared to Cy3. As QDs absorb many more
photons than Cy3 in identical photon fluxes they also produce
much brighter fluorescence, enabling the use of lower laser
powers and reducing phototoxic effects on live cells.

Krauss et al. have demonstrated that CdSe/CdS QDs, func-
tionalized with a neuropeptide (BK-QDs; BK: bradykinin) are an

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Images of a microtubule network of Hela cells recorded using
confocal and Continuous-Wave (CW) STED microscopy using QDs as a
staining agent: (a) confocal, (b) CW STED, (c and d) respective magnified
images for selected areas in (a) and (b). (e) Wide-field microscopy image;
scale bar: 2 um. (f) Images of microtubules on Hela cells by SIM with
enlargement as an insert. The wavelength and power density for the
STED beam are 775 nm and 200 mW, respectively. The pixel size is
20 nm; scale bar: 5 um. Reproduced with permission from ref. 79, Copyright
2016, American Chemical Society.
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Fig. 10 Single-molecule images demonstrating the resolution enhance-
ment through QD-PAINT imaging compared to conventional DNA-PAINT
imaging using the cyanine3 (Cy3) fluorophore: images of epidermal
growth factor receptor (EGFR) recorded using QD-PAINT (a) before
and (b) after reconstruction; while images recorded using DNA-PAINT
with Cy3 (c) before and (d) after reconstruction; scale bars: (a and c)
500 nm and (b and d) 100 nm. Cross-sectional histograms show FWHM
as the dashed lines for QD-PAINT (a) and (b) after reconstruction; while
the analogous images using DNA-PAINT and Cy3 dye (c) and (d) after
reconstruction. Reproduced with permission from ref. 80, Copyright 2021,
Springer Nature.
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Fig. 11 (i) Representative fluorescence images of mixed neuronal glial
cultures: (a) hippocampal neuronal glial culture showing astrocytes (purple)
and neurons (green) cell types. (b) Image of BKQDs bound to neuronal
cultures using a single image frame for the neuronal culture on treatment
with BKQDs (30 nM) for 15 min. (i) STORM images recorded for neuronal
cultures stained with BKQDs: (a and b) Frame 1 and frame 1000 out of 1000
frames from a movie; (c and d) enlarged image of the area indicated with the
yellow box in a and b, respectively. (e—g) Reconstructed super-resolution
images of the area indicated with yellow boxes with localization precisions
of (e) 50 nm, (f) 30 nm, and (g) 25 nm to demonstrate the successful
localization at all resolution levels. Reproduced with permission from ref. 81,
Copyright 2021, American Chemical Society.

improved STORM imaging probe compared to a BK-labelled
organic commercial fluorophore (TAMRA-BK).*' STORM
images of primary rat hippocampal neuronal cultures using
the BK-QD probe showed higher localization accuracy than
comparable images obtained using TAMRA-BK (Fig. 11).

This was largely ascribed to much higher fluorescence
intensity and a consequentially improved signal-to-noise ratio
compared to the organic fluorophore. BK-QDs were also found to
“blink” at a faster rate, and -as anticipated- BK-QDs showed
higher stability towards photobleaching. These results confirmed
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Fig. 12 SIM Images of integrin avB3 in different glioblastoma cell lines
(indicated in the image): (a) images to represent the expression and
distribution of avB3 in different specified cell lines and viewing angles;
images shown in the control panel (right panel) are of a control group
without primary antibody. (b) Bar diagram to represent the density of avf3
receptors (averaged from 50 individual cells for each cell line). Scale bars:
5 pm. Data are presented as mean + SD. **p < 0.01. Reproduced with
permission from ref. 82, Copyright 2019, The Royal Society of Chemistry.
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that BK-QDs display substantial advantages over organic fluoro-
phores for sub-diffraction limit imaging.

Zhang, et al. prepared anti-mouse IgG (H + L)-conjugated
Cd-Se QDs and successfully profiled the distribution and
density of integrin ovf3 in single glioblastoma cells.®> Corres-
ponding SIM images are shown in Fig. 12 and these reveal
adherent growth with irregular morphology.

This study demonstrated the phenotypical heterogeneity of
glioblastoma at the single-cell level and revealed how drug
vulnerability relates to receptor density on the test cells. It
was suggested that this protocol could in principle be exploited
for the quantitative profiling of many other surface proteins on
cells of interest.

Fluorescent up-conversion nanoscale
materials

Unlike d-block transition metal ions, the 4f orbitals of lantha-
nide ions are hidden under the 6s, 5p, and 5d orbitals,
accounting for the narrow emission bands and environmental
insensitivity of their spectra.

Typically, emission spectra for Ln*" ions in solid hosts show
FWHM of ~10-20 nm, while this figure varies within a range of
~25-40 nm, ~30-50 nm, and ~ 100 nm, respectively for Qds,
organic dyes and transition metal ions;** and a narrow FWHM
is associated with better image resolutions. Furthermore, as
emissions from Ln®" ions are associated with atomic transi-
tions, they are typically resistant to photobleaching - even on
prolonged irradiation. Lower loss in vibrational energy and
wider separation between absorption and emission band maxima
mean that Ln®* ions can be excellent luminescence markers,
particularly as they frequently display near-infra red, NIR, emission.

Two NIR regions are of particular interest for biological
imaging. NIR-I (650 to 950 nm) and NIR-II (1000-1400 nm),
define the so-called NIR biological windows that allow imaging
with the minimum interference from biological media.?
Importantly, certain Ln*" ions show NIR excitation through
the upconversion phenomenon. These properties make specific
La-based reagents/materials ideally suited for exploiting in NIR
imaging. Due to these unique emission properties, lanthanide-
based upconversion nanoparticles, UCNPs, are being developed
as super-resolution imaging probes for diverse applications
such as analytical sensing, photodynamic therapy, and clinical
diagnostics. Efficient UCNPs are composed of an optically
transparent host matrix, a sensitizer, and an activator. To
minimize non-radiative losses and maximize radiative emission,
an ideal host matrix needs to have a low lattice phonon energy
and, as they meet this criterion, NaYF,, NaGdF,, LaF;, and CaF,
have been widely adopted for this role.*> * Purpose-built synth-
eses of UCNPs are crucial in developing imaging materials;
typically, Yb*" is used as a sensitizer as it has a high absorption
cross-section at ~980 nm, while Er**, Tm*", and Ho®" are used
as activators to favour multiphoton processes (Fig. 13).°° The
core-shell structure favours dispersibility in biofluids, improves
surface processability, and improves luminescence efficiency by

This journal is © The Royal Society of Chemistry 2022
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Fig. 14 (a) Relative energy levels (not in scale) associated with Yb>*
UCNPs, co-doped with Tm**, with 980 nm excitation (left panel), and
with both 980 nm and 808 nm irradiation (right panel). (b) Confocal images
of UCNPs doped with 8% Tm** (using 980 nm laser (left panel) and both
980 nm and 808 nm (right panel) dual laser, and (c) analogous results for
1% Tm**-doping. Reproduced with permission from ref. 96, Copyright
2017, Springer Nature.

This journal is © The Royal Society of Chemistry 2022

suppressing surface quenching effects.”>> Various synthetic

strategies for surface functionalization of the UCNPs to improve
cell membrane permeability and organelle or tissue specificity
have been developed.®®*°* Simple variations in the composition
of the lattice atoms and dopant ions used in the synthesis of the
UCNP crystals facilitate their use in multimodal imaging.

The first report on the use of Y,0,S:Yb*"/Tm>" particles for
tissue imaging appeared in 1999, and related work described the use
of Y,05:Yb*/Er*" and Gd,0;:Yb*'/Er*" for similar applications.”
Since then, a number of literature reports on the use of UCNPs
for bioimaging have appeared; however, it is only more lately that
their uses in super-resolution imaging have been highlighted.

Typically, to obtain the depletion efficiencies needed in
STED imaging the luminescent marker localized to the target
object must display a relatively high emission intensity. Toward
this aim, Liu, Lu and Yang, and co-workers used UCNPs with
high Tm*" doping for STED microscopy, opting for a 980 nm
excitation laser beam and 808 nm depletion beam in their
studies.’® Excitation at 980 nm resulted in a population inver-
sion in their intermediate metastable *H, state relative to the
*H, ground level (Fig. 14 and 15). Further, irradiation at 808 nm
(matching the upconversion band of the *H, — *Hg transition)
initiated amplified stimulated emission to depopulate the *H,
intermediate level, optically supressing the upconversion path-
way to generate blue fluorescence, producing low-power STED
imaging. This helped to achieve a ~28 nm resolution, while the
significantly lower saturation intensity resulted in a much
better signal-to-noise ratio.

Zhan, He and colleagues developed a UCNP system
(NaYF,:18% Yb*",10% Tm>") that successfully demonstrated
two-colour STED imaging with ~66 nm resolution using a

Chem. Soc. Rev,, 2022, 51, 9882-9916 | 9893
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Fig. 15 (a) Cartoon energy level diagram to illustrate the net absorption,

as well as the stimulated emission between *H,4 and *Hg levels for Yb/Tm
co-doped UCNPs when probed using 980 nm depletion laser and 808 nm
excitation laser. (b) Energy level diagram to show possible cross-relaxation
pathways for highly doped (with Tm>*) NPs. (c) Cartoon image to show
photon-avalanche-like process results from the intense cross-relaxation
(CR) between the emitters in a highly doped UCNPs (energy levels for the
sensitizers are not shown). Reproduced with permission from ref. 96,
Copyright 2017, Springer Nature.

single pair of excitation/depletion beams.’” Inter-ionic cross-
relaxation helped to achieve efficient optical depletion in
NaYF,:18% Yb**, 10% Tm>" UCNPs with two NIR laser beams
centred at 975 nm (excitation) and 810 nm (depletion). The
[Tm**]-dependent depletion efficiency of the 455 nm blue
emission band by cross-relaxation processes was also studied.

This process helped to eliminate the need for separate
excitation and depletion beams and the associated challenge
of aligning multiple laser beams, which constitutes a major
obstacle in current multicolour STED protocols. This approach
was used to image cytoskeletal desmin protein in HeLa cells by
using antibody-conjugated UCNPs (Fig. 16), leading to a lateral
imaging resolution of ~82 nm (</Zex 975 nm).

Jin and co-workers have exploited the facet-selective binding
of DNA to NaYF,:Yb,Er nanocrystals to develop imaging
technologies.”® The binding energies of various chelating moieties,
e.g. oleate anion, oleic acid, phosphodiester bond, and phosphate
group on to the two kinds of facets of hexagonal prism-like
NaYF,:Yb,Er nanocrystals were also examined to rationalize the
observed results. These confirmed that the binding strength of
DNA phosphodiester moieties to the surface of NaYF,:Yb,Er
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nanocrystals was stronger than oleic acid on (001) facets, while it
was weaker than oleate anions on (100)/(010) facets. Thus, DNA
molecules could effectively replace surfactant molecules on NaY-
F,:Yb,Er nanocrystals to generate anisotropicity or a hydrophilic
surface. The location of DNA molecules was confirmed by analytical
methods and was visualized by STORM (Fig. 17).

These studies on facet-selective functionalization of NaY-
F.:Yb,Er nanocrystals not only provide insights into bio-/
nanointerface interactions but have the potential to open up
new technology for selective biomolecule functionalization of
nanoscale material. Additionally, the controlled self-assembly
of UCNPs through tailor-made DNA chemistry suggests that
UCNP building blocks could be constructed into more sophis-
ticated functionalized nanostructures.

Monodispersed UCNPs (NaYF,:Yb*",Tm*" nanocrystals)
were used in studies that revealed the human eye could track
a single nanoparticle, emitting over 4200 photons/100 milli-
seconds, using a simple optical microscope setup (Fig. 18).”
Apart from protein dynamics it was suggested that many sub-
cellular functions, such as cytoskeleton rearrangement, and
organelle movement and cooperation. involving dynamics at a
molecular scale could also be studied using this approach.

A lanthanide-doped UCNPs (B-NaYF,:Yb,Gd) was developed
for tracking lysosomes using SIM microscopy.'® Post-function-
alization of NaYF,:Yb,Gd based UCNPs with a lysosome-
associated membrane glycoprotein (MAAPGSARRP LLLLLLLLLL)
helped to achieve lysosome specificity. Upon excitation at
980 nm, a green emission band at around 525-560 nm was
observed due to electronic transitions from the H,,,~*I;5,, and
S3/,-"1;5/, states — Fig. 19.

The intracellular co-localization experiments using SIM and
a commercial lysotracker probe confirmed lysosomal specificity
of the UCNPs. It was suggested that these lysosome-targeting
UCNPs may be used to study dysfunction in intracellular
transport processes associated with lysosomal diseases.

The same research group developed another related (NaYF4:
Yb,Gd,Eu)-based UC-nanorod, post-functionalized with triphenyl
phosphonium ions, developed as a multifunctional platform for
mitochondria imaging (Fig. 20)."®" Cationic triphenyl phospho-
nium ion provided the mitochondrial specificity. Further, the
choice of the Gd** ion meant that these UC-nanorods were
also suitable for magnetic resonance imaging using 7;- and T,-
weighted MRI phantom images. Thus, the judicious integration
of up-conversion fluorescence and Gd*' provided super-
resolution optical imaging and T,-T, dual-modal magnetic
resonance imaging in the same platform.

Fluorescent carbon dots

Fluorescent carbon dots (CDs) are a relatively new class of
nanomaterials that have gained attention for bioimaging owing
to their excellent optical properties, which include stability
towards photobleaching, high emission quantum yield and
size-dependent multicolour and NIR fluorescence. Importantly,
their water dispersibility, biocompatibility and intracellular

This journal is © The Royal Society of Chemistry 2022
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Fig. 16 (a) TEM images of (1975455-1975 & 810455)/(1975455) UCNPs. Distribution of diameters of nanoparticle and a HR-TEM image are shown in
insets (scale bar: 50 nm). (b) Optical depletion of the 455 nm UC fluorescence of UCNPs with 10% Tm>* doping: 96% depletion efficiency of the 455 nm
emission from UCNPS with 10% Tm>* doping (lexc = 975 nm (CW), Jdepletion = 810 nm (CW)). (c) Images using UCNPs, 10% Tm** UCNPs film with
modulated 810 nm laser co-irradiation. (ii) SR images of intra-cellular desmin (a cytoskeleton protein) using antibody-conjugated UCNPs: (a) images
recorded with 975 nm excitation of cytoskeleton and desmin in HelLa cancer cells incubated with anti-desmin primary antibody using UCNPs bio-
conjugated with goat anti-rabbit IgG secondary antibody, (b) identical region imaged using 975 nm excitation and 810 nm STED laser beams; scale bars:
2 um. (c—n) Enlarged images for selected areas from a and b with corresponding analyses: images in ¢, f, i, and | are details from a; imagesind, g, j, and m
are from the white squares in b. (e), (h), (k), (n) are line profiles for areas indicated with arrow heads in c and d, fand g, i and j, l and m. Reproduced with
permission from ref. 97, Copyright 2017, Springer Nature.

internalization can be tuned through appropriate surface
functionalization.>” The high biocompatibility of CDs arises
from a combination of their chemical inertness, low toxicity,
cell membrane permeation owing to their small sizes (<10 nm)
and two-photon activity.'*>'** Methodologies for the preparation
of the carbon dots are typically categorised as ‘top-down’ or
‘bottom up’ approaches.

The top-down method solely uses chemical methods - or a
combination of physical and chemical methods - to ‘cleave’
graphene or other carbon allotropes such as C60 fullerene and
multi-walled carbon nanotubes.'®* However, limitations of this
method include wider size distributions, which are associated

This journal is © The Royal Society of Chemistry 2022

with changes in spectral properties, and also variations in
surface functionalization.'**'%

Bottom-up synthetic methods use organic derivatives to
produce nanographene with well-defined spectral properties
and purpose-built surface functionalization that help to achieve
specificity in organelle localisation.’® Importantly, doping
with various heteroatoms, such as nitrogen, sulphur, and
phosphorus offers the option to tune the emission property
of these materials and adds to their versatility as imaging
agents.'*® These impressive optical properties, along with their
surface tunability and their potential for optical blinking have
paved the way for carbon dots use in super-resolution imaging.

Chem. Soc. Rev,, 2022, 51, 9882-9916 | 9895
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Fig. 17 Images demonstrating selective DNA binding to 001 plane of NaYFy:
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In 2014, Pompa et al. developed highly photoluminescent
multicolour CDs for STED nanoscopy showing a resolution of
30 nm (Fig. 21)."”” These CDs were successfully used for
imaging MCF 7 cells. Their use in STED demonstrated a > 6-
fold improvement in spatial resolution compared to conven-
tional confocal microscopy. Importantly, cell viability was not
affected by the CDs, and this enabled a complete visualization
of cellular events over a relatively long time-window with live
cell experiments.

In 2015, Chizhik and co-workers developed CDs that displayed
intrinsic dual-colour fluorescence due to two subpopulations of
particles of different electric charges (Fig. 22)."*® The applicability
of CDs as probes for super-resolution optical fluctuation imaging
(SOFTI) in biological systems has also been studied in two different
cell lines; MDCK-II and SAOS-2.

In SOFI, the influence of probe diffusion was studied by
comparing a theoretical model and numerical simulations to
establish the impact of sample dynamics on the imaging
quality. These studies revealed that over a range of physio-
logical conditions, fluorophore diffusion inflicts a change in
the amplitude of the SOFI signal.'® Chizhik and co-workers
observed that for both cell types, neutral blue-emissive carbon
nanodots were found to penetrate the nuclear membrane and
localize to cellular nuclei. Interestingly, the green-emissive CDs

with permission from ref. 98, Copyright 2018, The Royal Society of Chemistry. were excluded from the nucleus and localized into fibrous,
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network-like intracellular structures, possibly endosomes or
mitochondria. It was proposed that these nanodots are endo-
cytosed and then trafficked along with the lysosomal/endoso-
mal network.

The Huang research group reported on a high-density super-
resolution localization imaging method using blinking carbon
dots derived from carbon black."*® These carbon dots showed a
burst of fluorescence with high photon output (~8000) and a
low duty cycle (~0.003). The conjugation of carbon dots to goat
anti-mouse IgG secondary antibody was established by fluores-
cence correlation spectroscopy and dynamic light scattering —
Fig. 23.

Fig. 23 (panels a and b) show the conventional fluorescence
image and STORM image of secondary antibodies labelled
carbon dot stained microtubules in the same region of the
HelLa cell, respectively. The super-resolution microscopy image
shows a drastic improvement in the resolution of the micro-
tubule network. This stable blinking feature of the carbon dots
allows high-density localization images at a spatial resolution
of 25 nm to be acquired.

Haynes and co-workers reported malic acid-derived biocom-
patible CDs for SRM imaging.'"" Interestingly, in the live rain-
bow trout gill epithelial cell line, the as-synthesized carbon
dots showed two distinct intracellular distribution patterns
under different excitation wavelengths. Under green-to-yellow
laser excitation (488, 514, and 561 nm) (Fig. 24a), filament-like
distribution was observed inside the live cells, whereas for
blue-to-cyan laser excitation (405 nm) a different distribution
of carbon dots (Fig. 24a) was observed. Under green-to-yellow
laser excitation, a comparison of live cells treated with carbon
dots and MitoTracker Red showed a clear co-localization
pattern that suggests the accumulated carbon dots are in, or
on, mitochondria (Fig. 24b). Importantly the CDs provided

Widefield 3D-Widefield

3D-SIM

(i) (@) TEM images for B-NaYF4:Yb,Gd,Eu NRs. (b—d) Widefield (WF) microscopy images and the co-localization experiments of UCNPs

functionalized with triphenyl phosphonium ion for mitochondrial localization in macrophage RAW 264.7 cells, while (b) being the image for mitotracker
green. (ii) Comparison of images for the same area WF vs. 3D-WF vs. SIM vs. 3D-SIM; emissions from UCNRs and MTG fluorescence were recorded in the
wavelength ranges of 600-650 nm and 500-550 nm, respectively. (iii) Magnetic Resonance imaging studies: FLASH-3D MR images of (a) mouse brain
(axial orientation) captured at 200 mm? spatial resolution before and after injection of UCNRSs, (b) 3D cerebrovascular map of the mouse brain generated
using the volume rendering tools in Amira by overlapping the pre-contrast (in white) and post-contrast (in orange) images. Scale bar for (i-a) is 10 nm; for
(i-b, c, d and ii) are 10 um. Reproduced with permission from ref. 101, Copyright 2020, The Royal Society of Chemistry.
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Fig. 21 (a) and (b) Improved spectral resolution of STED compared to
confocal imaging using CDs in fixed MCF7 cells (CD concentration:
170 nM, 48 h incubation). (c and d) Representative intracellular emission
profiles: raw data shown in light red and best-fit curve in red marked in the
respective figure), while raw data for STED is shown in light green and the
best fit plot in dark green. Reproduced with permission from ref. 107,
Copyright 2014, The Royal Society of Chemistry.

superior imaging in terms of resolution and in tracking
mitochondrial movement regions in live cells (Fig. 24c), which
reveals the transport of mitochondria-associated CDs along
with cytoskeletal elements (e.g., microtubules)."**'"?

Wu et al. reported nucleolus-targeted red emissive CDs.
They adopted hydrothermal treatment for the preparation of
these CDS using p-phenylene diamine (pP) and various metal
ions, which were proposed to act as a catalyst for the generation
of the CDs.

This provided a series of red-emitting, metal-free CDs with
varying quantum yields. Interestingly, the carbon dots obtained
using a nickel catalyst showed a very high affinity towards
nucleoli. For STED imaging with live A549 cells, an imaging
resolution of 146 nm was achieved (Fig. 25). Additionally, these
CDs offered an improvement over the commercial nucleolar
dye, SYTO RNASelect, which showed green emission and could
only stain nucleoli in fixed/dead cells.

114

Fig. 22 (a and d) Widefield fluorescence and second-order SOFI images
of a Saos-2 cell, respectively. (b, c, e and f) Subareas indicated with white
line boxes for the demonstration of a better-resolved image for SOFI. Scale
bars 10 pm. Reproduced with permission from ref. 108, Copyright 2016,
American Chemical Society.
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Fig. 23 The luminescent property of CDs exploited for plasma membrane
imaging (scale bar: 10 um): (a) Conventional confocal image and (b) super-
resolution image of microtubules, while the enlarged section (indicated with
a green box shown in (a and b) are presented in (c and d), respectively. (e)
Fluorescence intensity profiles for the specific line region, as shown in (d). (f)
Image showing the cell membrane stained with CDs in the absence of anti-
CCR3 primary antibodies, while the insert shows an autofluorescence image
of the same field under epi-illumination. (g) Visualization of the immuno-
stained cell membrane with CDs from a representative super-resolution
image with an enlargement of a 2 x 2 um? region in (g). (i) Ripley's K function
analysis of CCR3 clustering in the region. (j) A interpolated cluster map
based on Ripley's K function analysis. Colour code: red signifies highly
clustered regions, and Blue represents low values for clustering. (k) The
corresponding binary cluster image using a threshold. Reproduced with
permission from ref. 110, Copyright 2017, American Chemical Society.

Zhang, et al. reported CDs surface functionalised with the
cationic charge could be used for STED imaging of nucleic acid
structures in HelLa cells and live C. elegans worms."" It was
found that these CDs interact with double-stranded DNA and
single-stranded RNA differently producing spectrally distin-
guishable signals (Fig. 26). This facilitated real-time monitoring
of DNA and RNA motion and localization. Fig. 26 shows images
of CD-labelled chromosomes of HeLa cells in prophase and 3D
reconstructed models revealing tangled DNA chains in the
chromosomes. These studies also confirmed that the CDs could
visualize RNA networks in a single nucleolus and are compa-
tible with imaging the ultrastructure of live cells, potentially
providing a tool for basic cell biology and clinical diagnosis.

Das, and his co-workers reported the preparation of graphene-
based CDs from neem root extracts as a starting material through
a simple and facile hydrothermal method."'® These as-
synthesized CDs were utilized for recording SIM images of RAW
cells, in which a distinct lysosomal localization was observed. An
endocytosis pathway was proposed for the internalization of these
CDs, accounting for the translocation from the extracellular
environments into intracellular lysosomes (Fig. 27).

Imaging studies with zebrafish confirmed that the CDs were
preferentially localized in the yolk sac region, suggesting they
could be used as luminescent imaging agents for the digestive

system. 16117

This journal is © The Royal Society of Chemistry 2022
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Fig. 24 (a) Distribution of malic acid carbon dots (MACDs) in live trout gill
epithelial cells. (A) MACDs with different sizes, corresponding to excitation
wavelengths 488, 514, and 561 nm, were found to localize at the same
intracellular compartments, whereas MACDs that were excited with
405 nm were found to localize in different compartments. (b) Green-to-
yellow MACDs (with excitation wavelength > 488 nm) were found mainly
in mitochondria, as determined by their co-localization with MitoTracker.
(c) A significant improvement of spatial resolution was achieved in SRM
imaging monitoring the spontaneous photoblinking of MACDs, illustrated
by the fluorescence emission profiles shown in the right panel of the
marked rectangle in the images. Reproduced with permission from ref. 111,
Copyright 2018, American Chemical Society.

The nucleolus helps in coordinating cellular stress responses,
including during cancer growth and treatment. Consequently,
nucleolus-based diagnostics and therapeutics can be used for the
precise identification of nuclear stress responses. To address this
need, He and co-workers have developed CDs with RNA-binding
motifs and fluorescent blinking domains.'*® To measure of the
nucleolar ultrastructure during the stress responses, they used
these CDs to stain various cell types, including mouse (murine
breast cancer 4T1, normal CHO, and colorectal cancer CT26 cells)
and human cell (glioblastoma U87, human embryonic kidney
293A, and lung cancer A549 cells) lines.

While conventional wide-field microscopy provided too low
resolution for detailed studies, imaging by dSTORM, revealed
distinct distributions of RNA in the nucleoli of different cells,
Fig. 28, demonstrating the potential of these modified CDs for
analysing nucleolar ultrastructure and thus distinguishing
subtle responses to stressors.

Wau, et al. have prepared quaternized CDs (qCDs) that were
utilized to simultaneously provide bacterial imaging and

This journal is © The Royal Society of Chemistry 2022
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antibacterial properties.""® Amine-functionalized carbon dots
were post-synthetically grafted with lauryl betaine so they could
selectively detect Gram-positive bacteria and display bactericidal
properties. A comparison of STED and CLSM images of S. aureus
cells (Fig. 29) revealed that, unlike the CLSM images, STED
images could be used to confirm that most of the qCDs were
localised at the surface of the bacteria and distributed around
the membrane in small aggregates.

Semiconductor polymer dots
(semiconductor PDots)

Semiconductor PDots have been exploited in biological imaging
owing to their unique photophysical properties and favourable
biocompatibility.’*>**! Among these materials, photoblinking
semiconductor polymer dots are the most widely used for
multicolour super-resolution imaging, SOFI nanoscopy and
STED imaging. PDots doped with redox-active molecules have
been utilized for localization-based super-resolution imaging of
bacterial shapes with a localization accuracy of ~5 nm.'*?
Besides super resolution imaging, the PDots have also been
widely used as biosensors,"**'** photoacoustic imaging,"*>">°
molecular afterglow imaging,'®” and cancer theranostics.

Sun and co-workers recently reported two types of photo-
blinking PDots derived from different semiconducting polymers,
namely poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(1,4-benzo-{2,1",3}-
thiadazole)[(PFBT) and poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
(1-cyanovinylene-1,4-phenylene)] (CN-PPV). PDots of PFBT and
CN-PPV were utilized for SOFI imaging of subcellular structures
with minimal or no detectable photo-bleaching during the
acquisition time (Fig. 30)."*® Images obtained after 2nd-order
SOFI with necessary deconvolution analysis showed a much-
improved signal to background noise ratio and spatial resolution in
comparison to the images recorded using wide-field microscopy.
The intensity profiles shown in Fig. 30ii(c, g and h) indicate a
spatial resolution enhancement of =~1.6-fold and 1.76-fold,
respectively.

Soon after this report, the Xu research group reported a
series of semiconducting polymers with varying donor-acceptor
fractions."*® By using Pdots with an optimal ON-OFF ratio, they
demonstrated a four-fold enhancement in resolution compared
to wide-field microscopy. The FWHM value for the wide-field
microscopy image (Fig. 31a) was mainly distributed around
400 nm and lacked the clarity required to observe details of
microtubule structure. However, a substantial improvement in
resolution was observed on increasing the cumulant SOFI order
(Fig. 31c-e).

Fourth-order balanced SOFI images provided sufficient
clarity to observe the fine details of microtubule structures
not observed in lower-order SOFI (Fig. 31g). The fourth-order
spatiotemporal cross-cumulants offered an enhanced spatial
resolution at both single-particle and subcellular levels."*°

Fang and co-workers used semiconducting PDots derived
from relatively large molecular weight (~47 1000 Da) polymers,
namely, poly[{9,9-dihexyl-2,7-bis(1-cyanovinylene) fluorene}-ait-
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(a) STED and (b) confocal images of a A549 cell using pPCDs synthesized with Ni(ll-catalyst. Iy, Il;, and lll; in (a) are enlarged STED images of the

nucleoli of the A549 cell, while I,, II, and lll, are corresponding fluorescence intensity profiles of the marked lines. IVy, V4, and VI, are enlarged confocal
images of the nucleoli of the A549 cellin b, while IV,, V,, and VI, are corresponding fluorescence intensity profiles of the marked lines in IV,, V,, and Vl,.
Reproduced with permission from ref. 114, Copyright 2019, American Chemical Society.

co-{2,5-bis(N,N’-diphenylamino)-1,4-phenylene}] (PDFDP) for
long-term STED imaging (Fig. 32a).""

PDFDP-based PDots were chosen due to their structural
rigidity and other favourable optical properties. A spatial resolu-
tion of 77 nm was achieved in STED nanoscopy (Fig. 32b and c)
using these PDots, which enabled visualisation of the dynamic
fusion and division of vesicles during a continuous 2 hours of
imaging (Fig. 32d).

The same research group reported another two PDots derived
from poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-(1-cyanovinylene-1,4-
pheny-lene)] (CNPPV having M,, = 17000 Da) and poly[{9,9-di-
hexyl-2,7-bis(1-cyanovinylene)fluorene}-alt-co-{2,5-bis(N,N’-diphenyl-
amino)-1,4-phenylene}] (PDFDP having M, = 47100 Da) with
superior optical properties in terms of their stability towards
photobleaching.’** These PDots were found to be suitable for
the long-term STED imaging of subcellular organelles and their
dynamic interactions (Fig. 33-i). A spatial resolution of 78 and
68 nm was achieved, respectively, for CNPPV-PDots and PDFDP-
PDots. In STED microscopy, the streptavidin and the biotin
antibody conjugated CNPPV-PDots and PDFDP-PDots could be
utilized to image the membrane protein CD44 and microtubule

9900 | Chem. Soc. Rev., 2022, 51, 9882-9916

filaments (Fig. 33-ii). Additionally, CNPPV-PDots and PDFDP-
PDots were also utilized for STED nanoscopy to track the dynamic
interactions of clathrin-derived endosomes and caveolin-1-
positive endosomes in live cells.

The Gianneschi research group has used SIM and nanoscale
secondary ion mass spectrometry (NanoSI-MS) to investigate
the sustained release of a drug from a nanocarrier."** Without a
requirement for any fluorophores, NanoSI-MS can be utilized to
qualitatively visualize extracellular and intercellular processes
directly with ~100 nm resolution.***

The group synthesized a polymeric nanocarrier that encapsu-
lated oxaliplatin. This purpose-built architecture incorporated a
15N-labeled monomer in the hydrophobic block of the polymer
backbone and Cy5.5 (a NIR-active dye) in its hydrophilic block
(Fig. 34a). The subcellular localization behaviour of this nanocarrier
in Hela cells was investigated using SIM and NanoSI-MS. Analysis
of the data obtained from NanoSI-MS data, SIM nanoscopy
(Fig. 34b), and endosomal tracking revealed that the nanocarriers
were trapped in intracellular vesicles, and a sustained cytotoxic
drug release from the internalized polymeric nanocarrier was
observed.

This journal is © The Royal Society of Chemistry 2022
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Fig. 26 (a) STED microscopy of chromosomes at prophase using ey of

488 NM, Jgepletion Of 595 Nm and a collection window of 500-560 nm. A Z-
stack STED image of the chromosome 3D structure (step 0.12 mm) is
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Jdepletion Of 595 Nm and a collection window of 570-650 nm). A Z-stack 3D
image of a nucleolus structure (step 0.12 mm) is shown in the right panel.
(c) Imaging of C. elegans with CDs after incubation for 4 h. The CDs enter
the gonad vesicle but not the developing embryos. Reproduced with
permission from ref. 115, Copyright 2019, Wiley-VCH.

Combined, these techniques provide a useful tool to probe
and track the composition, as well as the integrity, of the
delivery system at each stage of the uptake and release process.
In further studies, this nanocarrier was modified to achieve an
enzyme-directed assembly by incorporating a peptide substrate
into the hydrophilic block (Fig. 35a)."*> This study helped in
understanding the specific association of Pt with P-rich struc-
tures within cells such as DNA (Fig. 35b).

AlE-Luminescent material for super-
resolution imaging

Organic luminophores typically favour n-rn stacking interactions
in their aggregated state and this leads to aggregation-induced
quenching (AIQ) of fluorescence.'**'**'¥” However, another
class of chromogenic molecules shows aggregation-induced
emission (AIE) enhancement in their aggregated state, when
present in a relatively high concentration, or in a non-solvent.

This journal is © The Royal Society of Chemistry 2022
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from ref. 116, Copyright 2019, The Royal Society of Chemistry.
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Fig. 28 Identifying nucleolar stress response using RBP-CDs: (a) dASTORM
images of various cell lines indicated in the respective image. (b and d)
Nucleolar size distributions and (c and e) t-SNE plots to reveal the high-
dimensional feature data sets of the mouse (CHO, 4T1, CT26) and human
(293A, U87, A549) cell lines. dSTORM images of Hela cells (f) respective
images of the Hela Cells in the absence (control) and presence of different
drugs and (g) with different external stimuli as mentioned in individual
panels: (j) RNA area, (k) RNA density, and (I) coefficient of variation of
nucleoli under various stress conditions. Scale bar, 5 um. Reproduced with
permission from ref. 118, Copyright 2021, American Chemical Society.

In 2001, Tang and colleagues were first to report this pheno-
menon.”*® In general, AIE luminophores are non-emissive or
weakly emissive in dilute solution and become strongly emissive
in their aggregated state.® The restriction of intramolecular
motion(s) (e.g. rotation and vibration) in the aggregated state
favours radiative deactivation of the excited state of these
luminophores (Fig. 36) and is ascribed as the primary reason
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Fig. 29 (a and b) Images revealing the superiority of STED over CLSM:
images of S. aureus after treatment with qCDs for 1 h. Enlarged section of
the boxed areas in (a) and (b) are shown in (c) and (d), respectively. (e)
Representative intensity profiles extracted from qCDs-Cy, on the surface
of S. aureus after Gaussian fitting in CLSM and STED modes. Reproduced
with permission from ref. 119, Copyright 2016, American Chemical Society.

for their observed AIE effect."*>"*** Importantly, AIE-active molecules
typically exhibit a large Stokes’ shift."**'*> Researchers have exploited
AlE-induced phenomena for various super-resolution imaging, as
discussed in the following section.

In 2015 Qian, Tang and He and their co-workers demon-
strated the efficacy of the AlE-active luminophore hexaphenylsilole
(HPS) in super-resolution imaging using STED microscopy."**"*
Importantly, HPS molecules in their aggregated state were more
stable towards photobleaching compared to Coumarin 102 during
the STED process (Fig. 37) and also showed a much higher
emission depletion efficiency than Coumarin 102 in organic
solution. The same research group reported on a mitochondria-
specific AIE-based molecular probe. Tetraphenylethylene derivative
(0-TPE-ON" with Aeyem = 425/675) undergoes a novel photo-
activation mechanism of photocyclodehydrogenation.'®
Although it shows poor emission in aqueous solution, upon
irradiation with visible light o-TPEON" undergoes an photo-
cyclodehydrogenation reaction to yield ¢-TPE-ON" (Zex/em = 503/
580) that shows high emission quantum yield, as well as a long
excitation wavelength (Fig. 38).

The epifluorescent and confocal microscope image of trea-
ted mitochondria showed blurred structure with low resolution
(Fig. 38f and g), while the STORM image of the same area
showed distinct structural features of mitochondria (Fig. 38h).
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Fig. 30 (i) Molecular structures that aggregate to form PFBT and CN-PPV
PDots. (i) SOFI nanoscopy of subcellular structures labelled with small
photoblinking PDots: (a) wide-field image of Lamin A/C immunolabeled
labelled PFBT PDots and (b) 2nd-order SOFI image generated by analyzing
1000 frames of raw data from panel (a). (c) The intensity profiles represent
the white-arrow regions shown in panels (a) and (b). (d) Conventional
wide-field imaging of tubulin labelled with CN-PPV PDots and the (e)
magnified area in the square in panel (d). (f) 2nd-order SOFI image
generated by analyzing 1000 frames of raw data from panel (e). (g and h)
The intensity profiles of the white arrow regions are shown in panels
(e) and (f). Scale bar: 10 um in panels (a, b, i and j), 5 pm in (d) and 1 pm in
(e and f). Reproduced with permission from ref. 128, Copyright 2017,
Wiley-VCH.

The transverse profiles of a single mitochondrion also revealed
an FWHM of ~104.5 nm, which was significantly narrower than
that observed for an image obtained using an epifluorescence
microscope (FWHM ~ 697.1 nm) and confocal microscope
(FWHM ~ 467.54 nm). The results demonstrate the unique
photoactivation characteristic of o-TPE-ON+, and the superiority
of c-TPE-ON+ in effecting super-resolution imaging. In 2017, the
same research group developed an AlEgen, 2,3-bis(4-(phenyl(4-
(1,2,2-triphenylvinyl)phenyl)amino)phenyl) fumaronitrile (TTF),
for STED imaging (Fig. 39-1)."*°

The stimulated emission efficiency of this TTF@SiO, nano-
particles (NPs) was high, and fluorescence intensity after
stimulated emission depletion was reduced to less than 30%
of the original value. The Stokes’ shift of 150 nm helped in
reducing the overlap of the absorption and fluorescence spectra
of TTF@SiO, NPs, as well as background fluorescence under
the STED excitation beam. Additionally, these NPs were found
to be stable against photo-bleaching under long-term (280 s)
irradiation with a high-power (312.5 mW average power) STED
beam, which also contributed to improving the STED image.

The STED nanoscopy imaging of TTF@SiO,-NPs with HeLa
cells exhibited a high lateral resolution of 30 nm (Fig. 39-ii-e).
On uninterrupted irradiation of the 594 nm excitation and

This journal is © The Royal Society of Chemistry 2022
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Fig. 31 SOFI nanoscopy of microtubules labelled with PF10BT PDots: (a) wide-field image of microtubules in Hela cells, and (b) a magnified view of the
highlighted area (yellow box) in (a). (c—e) SOFI nanoscopy for the same area was reconstructed sequentially in the second, third, and fourth orders.
(f) Comparison between the wide-field image (upper-left) and fourth-order balanced SOFI result (bottom-right). Profiles of the lines identified with yellow
arrows in panels (b—e) shown in panel (g), while that for panel (f, red arrows) are shown in panel h before and after 4th-order SOFI analysis. Reproduced

with permission from ref. 129, Copyright 2019, Wiley-VCH.

775 nm STED laser irradiation (312.5 mW power) for 30 min,
the fluorescence intensity of internalized TTF@SiO, NPs was
only reduced by 30% (Fig. 39-ii-g—j) helping to achieve an
improved temporal-spatial resolution.

Xu, et al. synthesized three types of oxetane-substituted AIE
(AIE-OXE) molecules with blue, green, and red emissions
(Fig. 40-i) for subcellular imaging using STED Nanoscopy."’
The Blue-AIE-OXE is a typical tetraphenylethylene derivative
having a Jpax of ~480 nm (Fig. 40(i)). Structural modification
provided extended conjugation that helped to provide a Green-
AIE-OXE dye, while the synthesis of a Red-AIE-OXE involved the

This journal is © The Royal Society of Chemistry 2022

incorporation of appropriate electron donor and acceptor
groups to alter the energies of the dye’s frontier orbitals. All
three luminophores showed stable and intense fluorescence in
their respective aggregated state. The red-AIE-OXE nanodots
were used to obtain STED images of microtubule structures
with much better resolutions (FWHM ~ 95 nm, STED power
intensity: ~100 MW cm 2) (Fig. 40-ii) compared to images
obtained in confocal microscopy.

Very recently, Tang and co-workers have reported a cationic
AlEgen, DTPAP-P (Fig. 41-i) for organelle-specific imaging and
dynamic tracking on a nanometer scale by utilizing anion-r*

Chem. Soc. Rev,, 2022, 51, 9882-9916 | 9903
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Fig. 32 (a) Schematic illustration of PDots and biotin-conjugated polymer
dots synthesis. (b) Confocal and STED images of biotin-polymer dots
uptake by a Hela cell. Two closely spaced NPs (indicated by blue arrows)
were only distinguished in the STED image. (c) Respective intensity profiles
of the polymer dots are indicated by the lines in (b). (d) Long-term
STED imaging of biotin-polymer dots in Hela cells under 2 h continues
irradiation (field of view 35 x 35 pm?). STED beam power was kept at
3.3 MW cm~2. Reproduced with permission from ref. 131, Copyright 2018,
Wiley-VCH.

interactions.*®*

These interactions helped to restrict intra-
molecular motions and radiative deactivation pathways, which
resulted in a high fluorescence quantum yield of 35.04%.
Favourable photophysical properties and the use of a low
saturation power (26 mW) made the organelle-specific DTPAP-
P ideally suited for STED nanoscopy and better-resolved image of
the nucleus or mitochondrial regions of live cells were obtained.
In STED, an FWHM of ~ 165 nm (Fig. 41-ii) was obtained, which
is far better than that observed in confocal microscopy (FWHM of
~1028 nm). For fixed cells, DTPAP-P first stained mitochondria
but then migrated to the nucleus on irradiation with 405 nm light.
This dynamic migration was tracked in ultrahigh-resolution via
STED nanoscopy (Fig. 41-iii) and eventually led a well-resolved
image of the nucleus with FWHM of ~184 nm.

Meng and co-workers recently prepared a red emissive AIE
nanocrystal DTPA-BT-F (4,4'-(5,6-difuorobenzo[c][1,2,5]thiadia-
zole-4,7-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) which was
used for STED nanoscopy (Fig. 42-i and ii).">> DTPA-BT-F
exhibits a bright deep-red emission in aggregated states (Aaggre =
36.49%) which was attributed to a strong TICT (twisted intra-
molecular charge transfer) state with a large Stokes’ shift
(~200 nm). These nanocrystals were found to be stable towards
photobleaching even on continuous irradiation with a 775 nm
STED depletion beam (600 mW, 25 min). This enabled visualizing
the nanostructures in lysosomes in both fixed and live HeLa cells
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PDFDP.(ii) Dual-color imaging of mixed particles and cellular samples after
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CNPPV and PDFDP PDots, (b) CD 44 labelled with CNPPV and PDFDP
PDots, (c) lysosomes labelled with CNPPV PDots and CD 44 labelled
with PDFDP PDots, (d) lysosomes labelled with PDFDP PDots and CD 44
labelled with CNPPV PDots. Depletion power used was 10 MW cm ™2 with a
pixel dwell time of 1 ms; 200 x 200 pixels. The field of view was 7 x 7, 9 x
9, 45 x 45, and 45 x 45 um?, separately. Reproduced with permission from
ref. 1132, Copyright 2020, American Chemical Society.
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Fig. 34 (a) Graphical illustration to represent the molecular structure of a
self-assembled polymeric nanocarrier. (b) Overlaid NanoSIMS and SIM
images to reveal the fluorescent tag (red) with 195Pt (blue) and 15N (green)
after 4 (left) and 24 h (right) incubation of Hela cells with Cy-15N-NP. The
overlay of 195Pt and the fluorescent tag is shown in magenta, and the
overlay of all three (195Pt, 15N, and fluorescence tag) is shown in white.
Cell boundaries (white line) were delimited from the corresponding
12C14N-NanoSIMS ion images. Reproduced with permission from ref.
133, Copyright 2016, American Chemical Society.

with superior lateral resolutions and narrower FWHM values
(~107 and 108 nm, respectively). Thus, the resolution achieved
with STED microscopy with DTPA-BT-F was much better than that
achieved with confocal microscopy (FWHM of 548 and 740 nm,
respectively) (Fig. 42-iii). Importantly, 3D-STED imaging and real-

This journal is © The Royal Society of Chemistry 2022
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GERDG" for L-Pep-Pt-NP and p-Pep-Pt-NP were used. Cleavage of the GL-sequence at "GPLGLAGGERDG" attributed to the release of the hydrophilic
peptide sequence "LAGGERDG" which triggered the nano- to micrometre morphology change. (b) Quantitative analysis of 15N and 195Pt enrichment
inside or outside of 15N- and 31P-rich region of interests: A: region of interests were defined according to 15N accumulation, as high 15N/14N (region of
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intensity image. A.2: 15N region of interest on the p-Pep-Pt-NP hue-saturation intensity image. A.3: 15N/14N inside and outside of 15N-rich region of
interests. A.4: 195Pt enrichment inside and outside of 15N-rich region of interests. (B) Region of interests were defined according to 31P signal, as high
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inside or outside of 31P-rich ROIls. Pt-was collected as 196Pt-for the saline sample. Pt counts on a saline region of interest were normalized to 195Pt by
multiplying by 1.34, according to their isotopic abundance (33.8/25.2). Enrichment values were obtained from at least two independent images of each
sample. The minimum significant difference was defined as a p-value < 0.05. Reproduced with permission from ref. 135, Copyright 2018, American
Chemical Society.

time monitoring of lysosomal movements in live HeLa cells at historical method of choice for probing ultrastructure in bio-
high spatial resolution was possible thanks to this high depletion logical samples, that is, structures at scales smaller than the
efficiency. diffraction limit.">® In scanning electron microscopy (SEM) a
focused beam of high-energy electrons scans across a sample surface
. to generate signals through electron-sample interactions,'** thereby
Correlatlng fluorescence su per offering sub-10 nm image resolution for structures close to the
resolution micrOSCOpy with surface. Transmission electron microscopy (TEM) use a particle
Cryo-electron microscopy beam of electrons to prenetrate specimens and generate a

highly-magnified image that achieves up to subnanometer
Electron microscopy, a powerful tool enabling the visualization  resolution.">® Electron tomography (ET) is a standard techni-
at nanometer- and subnanometer resolution, has been the que to assess the three-dimensional (3D) morphology at very

This journal is © The Royal Society of Chemistry 2022 Chem. Soc. Rev,, 2022, 51, 9882-9916 | 9905
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sion from ref. 142, Copyright 2020, Wiley-VCH.

%
a .///é € _ 104 —— Coumarin 102
.‘ %é Coumarin102 [ : _ (e=50mM)
_ %é ‘ CHy 3 2%
3 %"4 N PSS 5o
- / \ N 0" Yo s £
< : | | € & o
Excwlaliorﬁ / o erep o2
' =
2 =P
300 400 8 16 24 32 40 48
Time (s)
off o ——HPS (c=50 mM)
b d 191500 oy
3
. Tos
3 S %o
s s =
2 2 804
< £ §
w
Excitation § 02
= 0.
300 400 500 600 : 8 16 24 32 40 48
Wavelength (nm) Time (s)
Fig. 37 (a and b) Absorption (black curve) and emission spectra (red

curve) of Coumarin 102 and AIE-1 (purple line: excitation laser; green line:
STED laser). Photo-bleaching comparison between (c) coumarin 102 (d)
and AIE-1 irradiated with a 25 mW STED beam ([c] = 50 uM). Reproduced
with permission from ref. 146, Copyright 2015, Optica.

high-resolution (~1-4 nm), by combining information from a
tilted series of TEM images."® In cryoEM and cryo-ET, samples
are imaged under cryogenic conditions (<—150 °C) to bypass
sample dehydration and, along with cryofixation, also circum-
vent chemical fixation which could otherwise disrupt or distort
biological structures."**™*® Though immuno-EM (e.g., using
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Fig. 38 (a) The photo-induced cyclization associated with the simulta-
neous dehydrogenation process of o-TPE-ON™. (b) ORTEP diagram of
c-TPE-ON* at 50% probability (solvents and anion are omitted for clarity).
(c) UV-Vis; (d) fluorescence spectra, and (e) image of a quartz cuvette
containing o-TPE-ON* (10 x 10~ M) on 365 nm irradiation and c-TPE-
ON* (10 x 107® M) in PBS buffer solution (pH = 7.4, 10 x 10~° M) using
Jext = 450 nm. (f) epifluorescent image, (g) confocal microscopy image, (h)
super-resolution image of mitochondria in a fixed Hela cell stained with
o-TPE-ON™. Scale bar: 2 um. Reproduced with permission from ref. 148,
Copyright 2016, Wiley-VCH.

antibodies conjugated nanoparticles) provides a means to
localize specific targets in EM, its application is very limited
by low labelling density and limited multitarget labelling
strategies.!>%¢°

Subsequently, fluorescence microscopy has been successfully
combined with EM to image the same sample and draw on the
corresponding strengths of the two modalities, an approach
often referred to as correlative light and electron microscopy
(CLEM).'*"'®> Importantly, these combinatorial approaches add
benefits over a single modality, and are particularly useful in
studying events that comprise a sudden cellular change, such as
cell division, shape conversion of lysosome-related organelles in
antigen presenting cells, or synaptic vesicle release.'®> Additionally,
live-cell CLEM can provide insights into a range of dynamic events,
such as organelle biogenesis, protein signalling, and cell adhesion.

Current advances in super resolution microscopy have radi-
cally improved the achievable optical resolution of light micro-
scopy to ~10 nm, to produce new standards that approach the
resolution of EM. The closer match between resolutions of SRM
and EM therefore allows more meaningful correlation with a
much higher degree of structural detail when compared to
previous CLEM efforts.

In 2006, Betzig and his research group demonstrated the
potential of a super resolution-CLEM approach using photo-
activated localization microscopy (PALM), in combination with
TEM to image intracellular proteins at nanometer spatial
resolution.>® The high degree of correlation between PALM
and TEM resulting from fluorescently-tagged proteins on
cryo-prepared thin sections of fixed cells helped validate PALM

This journal is © The Royal Society of Chemistry 2022
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fluorescence spectra of TTF@SIO, nanoparticles. (i) Comparison of confocal microscopy and STED nanoscopy imaging of Hela cells: (a) confocal
microscopy and (b) STED nanoscopy imaging of a HelLa cell, which was stained with TTF@SiO, nanoparticles. (c and d) Are images of the green frames of
panels (a) and (b). (e) Fluorescence intensity profiles along the dashed lines across the nanoparticles in panel (c) (black) and (d) (red), showing FWHM
values of 267.2 nm (confocal microscopy) and 31.2 nm (STED nanoscopy). (f) A confocal image of the Hela cell stained with TTF@SIO, nanoparticles.
(g—j) STED nanoscopy images of the Hela cell taken at various time points, during 1925s continuous imaging. (k) Normalized fluorescence intensity of
TTF@SIO, nanoparticles in the Hela cell at various time points, during 1925s continuous imaging. For confocal microscopy, the 594 nm excitation laser
power was 2.5 mW. For STED nanoscopy, the 594 nm excitation laser power was 2.5 mW and the 775 nm STED laser power was 312.5 mW. Dwell time of
each pixel: 20 ps. 1612 pixels x 1924 pixels for (a) and (b). 1486 pixels x 1542 pixels for (f)—(j). Reproduced with permission from ref. 139, Copyright 2017,

Wiley-VCH.

as a suitable technique for imaging intracellular proteins with
subdiffraction-limit resolution (Fig. 43). Later Sauer, et al
combined dSTORM with SEM to map the position of proteins
of nuclear pore complexes in isolated Xenopus laevis oocyte
nuclear envelopes with molecular resolution in both imaging
modes and also provide evidence for the reliability of dSTORM
when applied in combination with highly specific antibodies for
quantitative super-resolution imaging.'®® The correlative images
establish quantitative molecular labeling and localization of
nuclear pore complex proteins by standard immunocytochem-
istry with primary and secondary antibodies and reveal that the

This journal is © The Royal Society of Chemistry 2022

nuclear pore complex is composed of eight gp210 protein homo-
dimers (Fig. 44).

Additionally, in combination with correlative focused ion
beam scanning electron microscopy (FIB-SEM), dSTORM offers
potential for 3D quantitative super-resolution imaging as the
samples can be imaged with two-dimensional tiling and at
multiple angles to create 3D tomograms in TEM.

Later the Xu group demonstrated the use of cryogenic single-
molecule localization microscopy (cryo-PALM/SMLM/STORM)
followed by cryo-electron tomography (cryo-ET) to precisely
determine the spatial relationship between proteins and their

Chem. Soc. Rev., 2022, 51, 9882-9916 | 9907
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Fig. 40 (i) Molecular structures of the Blue-AIE-OXE, Green-AIE-OXE,
and Red-AIE—-OXE. (ii) STED imaging of the microtubule structures labelled
with the Red-AIE-OXE nanodots: (a) confocal and (b) STED images of the
microtubules. (c and d) Magnified views of the box region marked in (a and b).
(e and f) Intensity profiles of the position indicated by the arrowheads in (a—d),
respectively. The scale bar in (a—d) represents 1 um. Reproduced with
permission from ref. 140, Copyright 2017, Wiley-VCH.

native subcellular structures.'® They prepared a marker for the
mitochondrial outer membrane by fusing Dronpa with the first
33 amino acids of TOM20, which are responsible for localizing
TOM20 to the mitochondria. After high-pressure freezing and
cryo-sectioning of HEK293 cells expressing TOM20-Dronpa they
performed cryo-fluorescence super-resolution imaging first,
followed by cryo-electron tomography (cryo-ET). Under this
experimental condition, no charge-induced movement or radia-
tion damage was observed. The mitochondrial outer membrane
and cristae was clearly visualized by 3D reconstruction from
cryo-ET (Fig. 45c), while super-resolution imaging of Tom20-
Dronpa molecules showed correlated localization to the outer
membrane at nanometer resolution (Fig. 45¢ and d). A 2-3-fold
enhancement of resolution over similar studies was achieved
due to the photon budget performance and optimized imaging
conditions, even with thin sections which usually degrade
structure resolution by lowering label density.
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Drawbacks of using nanoparticles in
cellular imaging applications

Semiconductor and graphene quantum dots offer outstanding
photostability and brightness, which facilitates their use in
STORM, STED and SIM imaging.”®'®> However, the high duty
cycles of their photoemission means they are not appropriate
for use in single-molecule localization microscopy applications.
Additionally, semiconductor quantum dots are very unstable
under aqueous solution.*® Overcoming these drawbacks by
lowering duty cycles requires surface engineering or the con-
struction of hybrid systems. For example, nitrogen doping of
graphene quantum dots can lower duty cycles to below 0.2%."%°
Likewise, the blinking of semiconductor quantum dots can
be controlled in hybrid core-shell systems.'®” Considerably
more work is required to render these systems into practical
probes for single-molecule localization microscopy imaging
applications.

Polymer dots and modified upconversion nanoparticles
are more flexible in this regard and they improve both the
photoblinking and photostability characteristics of their guest
fluorophores (e.g., organic dyes, metal complexes)."®®'*® These
advantages are balanced by the vastly increased size of these
nanoparticle systems in relatation to the luminophores on their
own, and this creates limitations for biological applications.

However, AIE luminogens have shown excellent potential
for STORM and STED imaging, because of their saturation
behavior and large Stokes shifts."*>'’® Some AIEs are photo-
activatable; and therefore have potential for future application
in SMLM imaging.'”" Although a major disadvantage of these
systems is again the problem of post functionalisation of the
probes for targeted delivery.'”?

Strategies to improve the performance
of nanocarriers for super-resolution
imaging

For semiconductor quantum dots and graphene quantum dots,
surface states play a leading role in their photoblinking and
photoswitching property.'®”'”® For graphene quantum dots,
emission intermittency comes from surface functionalities that
provide energy wells for ejected electrons.'®” The resultant
electron transfer process leads to fluorescent on/off-states.
The blinking characteristic of graphene quantum dots can thus
be tuned through logical surface design, e.g., post grafting of
the surface with electron donating or accepting agents.'’*'”>
In the case of semiconductor quantum dots, nonradiative
recombination via surface traps or charging-induced Auger
recombination drastically affects the blinking behavior.'”®
Reduced on-to-off duty cycles can be attained via core passiva-
tion using thicker shell materials, the post grafting of ligands
onto the semiconductor quantum dots surface, contacting
semiconductor quantum dots with other nanoparticles, the
construction of hybrid blinking systems, electrostatic gating,
and irradiation with ultrafast mid-infrared pulses. For STORM

This journal is © The Royal Society of Chemistry 2022
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Fig. 41 (i-a) Molecular structure of DTPAP-P. (i-b) Relative fluorescence intensity of Mito Tracker Red and DTPAP-P in Hela cells after continuous
irradiation by two lasers (475 nm and 560 nm) for 900 s. (i) Fluorescence images of DTPAP-P stained mitochondria in fixed Hela cells captured by
(@) CLSM and (b) STED nanoscopy; insets: corresponding enlarged views (scale bar is 500 nm). (c) Fluorescence intensity profile along the white line in
panels a and b. (d) Fluorescence images of DTPAP-P stained mitochondria (linear shape) in live cells recorded by CLSM and (e) STED nanoscopy; insets:
corresponding enlarged views (scale bar is 500 nm). (f) Fluorescence intensity profile along the white line in panels d and e. Fluorescence images of
DTPAP-P stained mitochondria (circular shape) in live cells were recorded by (g) CLSM and (h) STED nanoscopy. Insets: Enlarged views (scale bar is
500 nm). (i) Fluorescence intensity profile along the white line in panels g and h. (iii) Dynamic tracking of mitochondria—nucleus migration via STED
nanoscopy. Time-dependent fluorescence images of Hela cells stained by DTPAP-P. Reproduced with permission from ref. 151, Copyright 2022,
American Chemical Society.

and STED imaging, semiconductor quantum dots and emission is effectively inhibited under lighting with high-power
graphene quantum dots could be improved, if multiphoton depletion lasers. On the one hand, supressing background

This journal is © The Royal Society of Chemistry 2022 Chem. Soc. Rev,, 2022, 51,9882-9916 | 9909
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Fig. 42 (i) Molecular structure of DTPA-BT-F. (ii) Fluorescence image of
the fixed Hela cell co-stained with DAPI (blue), Alexa Fluor488-phalloidin
(green; depleted by a 592 nm STED laser, 96 mW) and DTPA-BT-F
nanocrystals (red; depleted by a 775 nm STED laser, 96 mW) via STED
nanoscopy: (a) fluorescence image, (b and e) magnified images with CLSM,
(c and f) STED nanoscopy, and their corresponding photo luminiscence
intensity curves (d and g) in ROI 1 (Alexa Fluor488-phalloidin, b—d) and ROI
2 (DTPA-BT-F NCs, e—g) in a; CLSM image of the live HelLa cell stained with
Hoechst 33342 (blue) and DTPA-BT-F nanocrystals (red) (h, the insets are
the magnified fluorescence images taken in the CLSM and STED mode),
and the corresponding photo luminiscence intensity curves along the
dashed line across the lysosome (i); 3D reconstructed images of the live
Hela cell by CLSM (j), STED nanoscopy (k), and their enlarged views
(L and m); dynamic movements of lysosomes in Hela cells captured by
STED nanoscopy (n—s). All the STED images are processed on Huygens
deconvolution software. Reproduced with permission from ref. 152,
Copyright 2022, The Royal Society of Chemistry.

signals from the STORM or STED laser in the first place is, of
course, preferential to methods requiring background removal
in a post-processing step.

The upconversion nanocrystals are prepared by thermal
decomposition and hydro(solvo)thermal methods with control-
lable size, crystalline phase, and morphology. In the co-
precipitation method very high-purity stoichiometric upconver-
sion nanocrystals can be synthesized. Additionally in this
technique, surfactants can be incorporated to improve the
water-solubility of the nanocrystals. Other strategies — such as
surface passivation, host lattice manipulation, photonic crystal
engineering, surface plasmon coupling, combination with
other functionalities for the acceleration of energy transfer,
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and construction of organic-inorganic hybrid systems - are
all fascinating approaches to enhance on present systems."””
For STED imaging, using dye-sensitized or Nd**-sensitized
upconversion nanocrystals irradiated at 800 nm instead of
980 nm, can solve the issue of overheating under 980 nm
irradiation.'”®'”® javascript:void(0); AIE Luminogens are typi-
cally hydrophobic in nature. Their alteration with functional
groups or post-grafting with hydrophilic functionalities will
produce water-soluble AIE Luminogens for bioimaging applica-
tions. Linking various AIE moieties can also lead to red-shifted
emission.'® javascript:void(0); furthermore, the donor-accep-
tor structure assembled by electron donating (e.g., amime or
methoxy) or withdrawing (e.g., benzobisthiadiazole, benzothia-
diazole) functionalities in AIE Luminogens can result photo-
luminescence systems that can be tunable from the visible to
the NIR spectral regions.'®!

Conclusions and prospects

Since the inception of fluorescence microscopy, luminophores
have played a vital part in improving spatial and lateral resolu-
tions. The development of purpose-built luminophore mole-
cules and materials has matched the continuous advancements
in optics, electronics, mathematics in imaging technologies.
For example, although SMLM and STED methods were
described in the early 1990s,'®> these techniques could not
be fully developed until appropriate luminophores became
available. STED, in particular, only became practical after
the development of highly photostable probes with high bright-
ness for stimulated emission.'®® Similarly, implementation
of SMLM was feasible only'®*'®> after the invention of carbo-
cyanine dyes with photoswitching behaviour'®® and nonlinear
SIM and RESOLFT only became possible with the availability of
related photoswitching luminophores.'®*'®” The development
of new probes continues to support the advances in super-
resolution microscopy and facilitate routes towards the ulti-
mate goal of in-vivo structural biology.

In this review, we have summarised the recent progress on
luminophores used in super-resolution microscopy imaging,
including quantum dots, up-conversion nanoscale materials,
carbon dots, PDots, AIE luminogens, and inorganic materials.
Owing to their superior photophysical properties, photo-
stability and biocompatibility, inorganic material-based fluor-
ophores, PDots and AIE luminogens, are expected to contribute
to further lowering of resolution limits in super-resolution.
Although the theoretical spatial resolution of various super-
resolution microscopy techniques is unlimited.*>'®® The chal-
lenge to routinely achieve resolution at molecular-scale - i.e.,
sub-10 nm level - still remains.

Resolution in some super-resolution imaging techniques
can now approach a few nanometers through the use of super-
ior localization schemes,'®*'%° large Stokes’ shift, lumino-
phores with very high photostabilities, or accurate correction
of sample drift."*""®> When the precision at which lumino-
phores can be restricted is at nanometer scales, the linkage

This journal is © The Royal Society of Chemistry 2022
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Fig. 43 Comparative summed-molecule TIRF (A), PALM (B), TEM (C), and PALM/TEM overlay (D) images of mitochondria in a cryo-prepared thin section
from a COS-7 cell expressing dEosFP-tagged cytochrome-C oxidase import sequence. Higher magnification PALM (E), TEM (F), and overlay (G) images
within the box in (B) reveal that these matrix reporter molecules extend up to, but not into, the E20 nm outer mitochondrial membrane. The molecular
distribution across two mitochondria along lines 1 and 2 in PALM image (E) are compared in (H) to the TEM signal along lines 3 and 4 in (F) across the same
mitochondria. Scale bars: 1.0 mm in (A) to (D); 0.2 mm in (E) to (G). Reproduced with permission from ref. 23, Copyright 2006, AAAS.
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Fig. 44 Imaging the nuclear envelope by SEM and dSTORM. (A) SEM
imaging is restricted to the nucleoplasmatic, nuclear-basket-containing,
side, whereas dSTORM imaging is performed from the cytoplasmatic side,
where the anchoring proteins are oriented in the direction of the cover-
glass. Schematically, an electron beam and an objective are depicted to
symbolize SEM and dSTORM imaging, respectively. (B) SEM image of a
folded nuclear envelope. (C) Influence of the pixel binning used to
reconstruct the super-resolved dSTORM image on resolution, that is, the
visualization of the central channel of the NPC. Scale bar: 200 nm.
Reproduced with permission from ref. 163, Copyright 2014, The Company
of Biologists.

error provided by distances between the luminophore and the
molecule of interest will become a barrier to any further resolu-
tion improvement.’®® Thus, SR imaging-based techniques will
benefit from minimizing fluorescent probe size and linkage
distances. Although effective probe size can also be reduced by
physically swelling the sample volume - so that linkage error of a
pair of primary and secondary antibodies can be reduced from
15 to 7 nm after expansion'®* - fundamentally, it would be best
to increase the photostability of dyes without increasing probe

This journal is © The Royal Society of Chemistry 2022
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Fig. 45 3D correlative images from cryo-sections of HEK293 cells expressing
TOM20-Dronpa. (@) Summed image from single-molecule data. Scale bar, 1 um.
(b) Correlative isosurface reconstruction of a PALM image with low magnifica-
tion TEM data. (c) Each column in ¢ was from a single layer of 3D PALM (top),
single layer of cryo-ET (middle) and correlative representations (bottom),
respectively. The structural resolution of the whole 3D data set was estimated
to be 73.7 +£ 5 nm employing the Fourier ring correlation method, corres-
ponding to a density of 749 signals um~2. Scale bar, 200 nm. (d) Correlative 3D
segmentation of cryo-ET data with single-molecule localization of fluorescent
proteins. Mitochondrial outer membrane and cristae are denoted by purple and
blue, respectively. Dronpa molecules are denoted by green dots. For clear
demonstration, we kept those signals that have higher localization precision (2.9/
3.0 nm,mean per median), which rejects 90% of the signals. Scale bar, 200 nm.
Reproduced with permission from ref. 164, Copyright 2015, Springer Nature.

size and also use small binders for proteins, such as photostable
nanobodies, to reduce the dye-to-target linkage.>®
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As stated above, the ultimate goal of super-resolution micro-
scopy is to understand the complex structural biology of live
cells by resolving molecular structures in living cells. In recent
years, the ground-breaking advances in cryo-electron micro-
scopy may soon permit the visualisation of in situ structural
biology at atomic resolution."®® However, due to the requirement of
vacuum conditions and the high energy of electron beams, electron
microscopy is incompatible with live cells, and super-resolution
microscopy seems to be the best-suited technique to monitor the
ultrastructural dynamics in real-time. Yet, live-cell super-resolution
microscopy still requires improved luminophores with
increased photostabilities and more reliable switching chemis-
tries inside cells as well as more convenient/bio-orthogonal
labelling protocols.'*®*® Further improvements in photo
stabilities and other photophysical characteristics of lumino-
phores, like photon budgets and switching chemistries, may
lead to breakthroughs to finally realize routine molecular-scale
imaging in live cells.
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