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ABSTRACT: Single-molecule localization microscopy (SMLM) is Nascent proteins ieuror NGV
a powerful technique to achieve super-resolution imaging beyond Conventional us? '

the diffraction limit. Although various types of blinking
fluorophores are currently considered for SMLM, intrinsic blinking |8 | 3
fluorophores remain rare at the single-molecule level. Here, we
report the synthesis of nanographene-based intrinsic burst-blinking
fluorophores for highly versatile SMLM. We image amyloid fibrils
in air and in various pH solutions without any additive and
lysosome dynamics in live mammalian cells under physiological Egﬂskiﬂg Liﬂ v B Branching ghint
conditions. In addition, the single-molecule labeling of nascent (:mm'mi':] a 1

proteins in primary sensory neurons was achieved with azide- | TSN 1yt
functionalized nanographenes via click chemistry. SMLM imaging
reveals higher local translation at axonal branching with
unprecedented detail, while the size of translation foci remained similar throughout the entire network. These various results
demonstrate the potential of nanographene-based fluorophores to drastically expand the applicability of super-resolution imaging.

Axonal segment

B INTRODUCTION promising candidates with unique optical properties that are
advantageous for SMLM imaging.'>~"" CDots can be very
small (~2 and 5 nm) and demonstrate the so-called burst-
blinking with a long and complete off state, which are crucial to

Optical super-resolution microscopy (SRM) has emerged as a
powerful tool to visualize nanostructures below the optical
diffraction limit in life science"” and material science’™. An

increasing number of single-molecule localization microscopy achieving SRM  imaging of high-density labeling samples.
(SMLM) techniques are currently being developed to Moreover, CDots display buffer-independent fluorescence
construct super-resolved images, including photoactivated properties, enabling SRM imaging under a wide range of
localization microscopy (PALM),® stochastic optical recon- conditions, such as imaging of materials in air, live-cell imaging
struction microscopy (STORM),” and second-generation under physiological conditions,*~"” and potentially correlative
optical super-resolution imagin§ techniques, i.e, MINFLUX," light-electron microscopy (CLEM) in vacuum and hydro-
SIMFLUX,” and MINSTED." All of the SRM techniques phobic environments.'® Precise control of the chemical
mentioned above share the same basic principle of separating structures of CDots, which are typically heterogeneous and
and localizing adjacent fluorophores in a diffraction-limited mostly undefined at the molecular level, however, remains
area by their different time-dependent behavior, known as challenging and constitutes a hurdle for the unambiguous

blinking. Thus, the development of blinking fluorophores that
are able to automatically switch between fluorescent and
nonfluorescent states under measurement conditions is key to
the improvement of SRM methods.

In addition to organic fluorophores and fluorescent proteins,
different types of fluorescent nanoparticles, such as semi-
conductor quantum dots (QDots), carbon-based nanodots
(CDots), polymer dots (PDots), and fluorescent nano-
diamonds (FNDs), have been extensively investigated as
blinking fluorophores with higher brightness and stability.'""*
Among them, CDots have emerged as one of the most

elucidation of their structure—property relationship and
fluorescence mechanism,'"'>"” thus prohibiting an accurate
control of their optical properties. Furthermore, conjugation of
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Figure 1. Synthesis and optical characterization of DBOV-OTEG. (a) Chemical structure and synthesis of DBOV-OTEG. (b) UV—vis absorption
and emission spectra of DBOV-OTEG in aqueous solution. (c) Single-molecule fluorescence time trace of DBOV-OTEG in PBS solution. (d)
Histogram of detected photons per switching event and single-exponential fit of DBOV-OTEG in PBS solution. (e) On—off duty cycle of DBOV-
OTEG in PBS solution. (f) Detected photons per switching event of DBOV-OTEG in solutions of various pH.

CDots to biomolecules remains challenging at the single-
molecule level,'"'*"” restricting their applicability in bioimag-
ing and biosensing of specific targets.

In this work, we report the synthesis of nanographene-based
biocompatible fluorophores for super-resolution bioimaging
under a wide range of imaging conditions, which have real-life
applications for studying biological systems. Nanographenes,
namely, large polycyclic aromatic hydrocarbons with nanoscale
graphene structures, can be bottom-up synthesized with atomic
precision by synthetic organic chemistry. Some nanographenes
have recently been shown to have outstanding burst-blinking
properties,'”*® similar to CDots, although their application in
SRM bioimaging has remained elusive.”' Through the
decoration of nanographene with hydrophilic side groups, we
achieved the SMLM imaging of amyloid fibrils both in air and
in various pH solutions. We also imaged lysosome dynamics in
live cells under physiological conditions without any additive
or irradiation with ultraviolet (UV) light. Finally, we achieved
super-resolution imaging of nascent polypeptides in primary
sensory neurons using O-propargyl-puromycin (OPP) and
azide-functionalized nanographenes. Using these data, we were
able to document at the single-molecule level how local
translation is unevenly distributed along the axonal network,
with axonal branching displaying higher levels of translational
activity. These results highlight the exciting potential of
functionalized nanographenes as intrinsic burst-blinking
fluorophores for expanding SRM applications.

B RESULTS AND DISCUSSION

Synthesis and Photophysical Properties of DBOV-
OTEG. We chose dibenzo[hi,st]ovalene (DBOV) as the
blinking nanographene for this study, considering its highly
stability, well-resolved absorption and emission bands like

5196

those of best-performing organic dyes, and red emission with
photoluminescence quantum yield of ~80%."”** To synthesize
hydrophilic and biocompatible nanographenes for the
bioimaging, six hydrophilic tetraethylene glycol (TEG) chains
were introduced onto the DBOV core (DBOV-OTEG).
DBOV-OTEG was synthesized through the Suzuki coupling
of dibromo-DBOV 1*° and boronic ester 2 in 88% yield
(Figure la), unambiguously characterized by nuclear magnetic
resonance (NMR) spectroscopy and high-resolution mass
spectrometry (HRMS) (see the Supporting Information (SI),
Figures S1—S9). DBOV-OTEG could be molecularly dissolved
in dimethyl sulfoxide (DMSO) as confirmed by fluorescence
correlation spectroscopy (FCS) measurements”* while the
presence of small aggregations with a size of ~10 nm was
indicated in PBS (Figure S18). Since the aggregates are
sufficiently small, the impact on the performed SRM imaging is
negligible.

UV—visible (UV—vis) absorption and emission spectra of
DBOV-OTEG were measured in aqueous solution, exhibiting
maxima at 658 and 667 nm with a Stokes shift of 205 cm™" and
full width at half-maximum (fwhm) bandwidths of 40 and 38
nm, respectively (Figure 1b). For SMLM imaging, two key
blinking properties, photon numbers (detected average photon
numbers per blinking event) and on—off duty cycle (fraction of
time a molecule resides in its fluorescent state), are crucial for
securing high-quality images. While high photon numbers
provide better localization precision, a low on—off duty cycle
enables better localization accuracy with high labeling
density.”® Unlike other organic fluorophores that can only
blink under optimal blinking buffer conditions or irradiation
with UV light, DBOV-OTEG blinks in air and aqueous
environments, such as PBS, which are often used in biological
applications (Figures lc and S19). Using single-molecule
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Figure 2. SMLM images of amyloid fibrils labeled with DBOV-OTEG in air and various pH solutions. (a) Reconstructed SMLM image of amyloid
fibrils labeled with DBOV-OTEG from 15,000 frames in air. Inset: bright-field image of amyloid fibrils. (b) Magnification of yellow box (top) and
the corresponding conventional wide-field fluorescence image (bottom). (c) Cross-line profiles of localization, corresponding regions lined in
yellow in (b). (d) Distribution of photon counts per single switching event at S0 ms exposure time in air, with its average value. (e) Distribution of
localization precision per single switching event at SO ms exposure time in air, with its average value. (f) Reconstructed SMLM image of amyloid
fibrils from 15,000 frames in various pH solutions. (g) Distribution of photon counts per single switching event at SO ms exposure time in various
pH solutions, with their average values. (h) Distribution of localization precision per single switching event at S0 ms exposure time in various pH
solutions, with their average values.

fluorescence analysis, high photon numbers of ~3000 per with various physiological functions.”’ To demonstrate the
blinking event (Figure 1d) and low on—off duty cycle of 107° robustness of DBOV-OTEG under different environments, we
(Figure le) with a blinking time of approximately 71 ms were performed SMLM imaging of amyloid fibrils (Af1—42) in air
revealed with a 642 nm laser at a laser density of 5 kW/cm?, as well as in aqueous solutions with various pH values (Figure
which are comparable to the gold standard Alexa647 under 2). DBOV-OTEG was conjugated to the amyloid fibrils via
optimized special blinking buffer conditions."” physisorption (see the SI for details of sample preparation).

In addition, the blinking properties of DBOV-OTEG were The formation of DBOV-OTEG-labeled amyloid fibrils was
measured over a wide range of pH (from pH 1 to 13) and no confirmed by bright-field image (Figure 2a, inset) and verified

obvious change was observed (Figure 1f), indicating that by co-staining of Thioflavin T (ThT). This commonly used
DBOV-OTEG is pH-insensitive and can be used in various pH fluorescent dye binds specifically to amyloid fibrils (Figure

environments. Unlike most photoswitchable/blinking fluoro- $20) and showed a good colocalization with DBOV-OTEG
phores,z‘s’27 DBOV-OTEG can, therefore, be used in a wide (Pearson correlation coefficient = 0.71). SMLM imaging of
range of environments, including acidic microenvironment amyloid fibrils was then performed in air without imaging
inside lysosomes (pH 4.5-5),”® and can withstand sample buffer or illumination with UV light and reconstructed (Figure
preparation conditions for hydrogel used in expansion 2a and Supporting Video 1). SMLM could resolve amyloid
microscopy (pH 7) and surface functionalization of nano- fibrils labeled with DBOV-OTEG with high resolution and
carriers, e.g., for drug delivery (pH 2.7—11).29’3’0 high signal-to-noise ratio, which are difficult to distinguish in
Nanographenes for SMLM Imaging of Biomaterials in the conventional wide-field image (Figure 2b,c). Note that the
Different Environments. Amyloid fibrils, the aggregates of SMLM image displays a clear gap (Figure 2b), whereas
peptides and proteins, are essential elements in biosystems conventional wide-field image shows a continuous fluorescence
5197 https://doi.org/10.1021/jacs.3¢11152
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signal, which might be due to the on/off time and high density
of emitters where the SMLM analysis algorithm sorts out
overlapping emitters. The image quality of SMLM is typically
limited by the fluorophore’s brightness (number of photons)
and on—off duty cycle, together with its labeling density.”> The
high average photon number of 2360 and a remarkable average
localization precision of around 20 nm per frame were
achieved at 50 ms exposure time for the SMLM image
reconstruction of amyloid fibrils (Figure 2d,e). Furthermore,
DBOV-OTEG-labeled amyloid fibrils could be imaged in
aqueous solutions of various pH values ranging from pH 1 to
13 (Figure 2f and Supporting Videos 2, 3, 4, S, 6, 7, and 8)
with photon numbers and imaging localization precision
comparable to those measured in air (Figure 2gh). These
results demonstrate the versatility of DBOV-OTEG and its
advantages over environment-dependent fluorophores, such as
CyS$, which requires a special blinking buffer’* and spiropyran,
which is only applicable in air with UV illumination.”’
Nanographenes for SMLM Imaging of Lysosomes in
Live Cells. Live-cell super-resolution imaging is critical to
studying the dynamic biological processes, avoiding the
introduction of structural artifacts due to cell fixation. SMLM
is capable of imaging subcellular structures/organelles in living
cells with nanoscale resolution as long as their speed of
movement is slow compared to the imaging speed. For live-cell
SMLM imaging, the fluorophores should have low toxicity and
good cell permeability in addition to optimal blinking
properties.”’ We confirmed the low cytotoxicity of DBOV-
OTEG using an MTT assay (Figure S21), indicating the
possibility of long-term live-cell imaging. DBOV-OTEG was
also able to cross the plasma membrane in U20S cells and
selectively accumulated into lysosomes after endocytosis,”’
which was confirmed by co-labeling with commercial dye
LysoTracker Green (Figures 3a and S$22). Lysosomes are
multifunctional organelles inside cells that play crucial roles in
mediating cellular metabolism and signaling,3 but their acidic
microenvironments (pH 4.5—5) prevent SMLM imaging with
the typical pH-sensitive fluorophores. Notably, the pH-
independent blinking properties of DBOV-OTEG enabled
SMLM imaging of lysosomes in live U20S cells in a standard
cell culture medium without any additives or irradiation with
UV light under physiological conditions suitable for live-cell
studies (Figure 3b). The dynamic movement as well as the
change in morphology of lysosomes were monitored in 30 s
time intervals (Figure 3c). The time sequence super-resolution
images of three subareas within one cell clearly revealed the
diversity of lysosomes’ movements at a nanoscale. These
results highlight the advantages of DBOV-OTEG over state-of-
the-art lysosome markers for SMLM,”® achieving 1.5 times
improvement in localization precision and 7 times brighter
fluorescence, and a substantially enhanced accuracy in the
imaging localization and lysosome dynamics analysis enabled
by a lower duty cycle. The pH-independent blinking properties
also potentially allow for the simultaneous targeting and
imaging of multiple organelles in addition to lysosomes by the
proper functionalization of other nanographenes.
Nanographenes for SMLM Imaging of Global
Nascent Proteins in Neurons. Single-molecule imaging of
specific targets (e.g., DNA, RNA, proteins) in complex cellular
environments is very desirable and allows for unprecedented
insights into biological systems. To achieve site-specific
labeling of DBOV, we designed DBOV-azide with three
triethylene glycol chains to ensure water solubility and an azide
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Figure 3. SMLM imaging of lysosomes with DBOV-OTEG in live
U20S cells. (a) Colocalization of DBOV-OTEG and LysoTracker
Green. (b) Conventional wide-field fluorescence image of lysosomes
and corresponding SMLM image of lysosomes. SMLM imaging was
performed in DMEM (supplement 10% FBS) at room temperature,
with 642 nm laser of 1 kW/cm? and 23 ms per frame. A total of 6,500
frames were acquired to reconstruct the SMLM image. (c) Time
sequence super-resolution images of lysosomes at 30, 60, 90, 120, and
150 s. Three lysosomes were selected in (b), and corresponding
SMLM images were reconstructed every 30 s. Scale bars: 20 ym for
(a), S um for (b), and 200 nm for (c).

residue suitable for the click reaction. For the synthesis of
DBOV-azide, dibromo-DBOV 1 was subjected to a Suzuki
coupling with two different boronic esters 3 and 4, which
statistically gave DBOV bromide § in 25% yield (Figure 4a).
DBOV bromide § was then reacted with sodium azide to afford
DBOV-azide in 85% yield (see the SI for details). The blinking
properties of DBOV-azide were found to be similar to those of
DBOV-OTEG (Figure S23).

Local protein synthesis is critical in cells with extreme
morphology, particularly neurons that transport, localize, and
translate mRNAs in axons during axonal development.**°
Local mRNAs are crucial to axonal homeostasis, allowing for
fast and localized on-demand translation,>” which enables
spatial and temporal regulation of the axonal protein content,*®
and rapid response to external and/or internal stimuli. Thus,
axonal protein translation plays a crucial role in axonal
development and homeostasis,”” as well as in response to
stimuli’’ and nerve injury.*' Axonal local translation has also
recently risen to prominence in the context of neuro-
degenerative diseases.”” To study axonal translation, bio-
chemical labeling and imaging of nascent synthesized proteins
has been performed in neurons and even in vivo in mice,***
but current fluorescence imaging of nascent proteins based on
confocal microscopy is restricted by the diffraction limit."'

To gain a deeper insight into the synthesis of nascent
proteins by SMLM imaging, we labeled newly synthesized
nascent polypeptides in dorsal root ganglia (DRG) sensory
neurons via the incorporation of O-propargyl-puromycin
(OPP)* and subsequent click reaction with DBOV-azide,
based on the copper-catalyzed azide—alkyne cycloaddition

https://doi.org/10.1021/jacs.3c11152
J. Am. Chem. Soc. 2024, 146, 5195—5203


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_002.avi
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_003.avi
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_004.avi
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_005.avi
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_006.avi
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_007.avi
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_008.avi
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_010.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_010.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_010.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c11152/suppl_file/ja3c11152_si_010.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11152?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11152?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11152?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c11152?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c11152?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society pubs.acs.org/JACS

a ribosome R S

N. N,
.
L2

NS

Nascent peptide-OPP Click chemistry

OTrEG

me—QVOTrEG

oTEG 3
Pd(PPhg) K,CO5 00

TIEGO
Br Toluene/EtOH/H,0 TIEGO
PinB—@—OCuszEr
4
OTEG = KON NN 7

Nascent peptide-OPP-DBOV

12 [1Conventional
B SMLM
—0.9
=
8
206
w
f =
o
£03
0.0

00 02 04 06 08 10
Distance (um)

e 504 f 50
401 40
[} X
5 30 ;301
S [5)
§20 2204

101 10l
0 |_|l_|.—.
5

0 10 15 20

O_
Density (x 10¢ mol.- um2) 0 50 100 j50 200 250 300
Cluster diameter (nm)

=

b 25 [_JAxonal segments
o 8 20 [1Branching points
E —_
= . X
g6 - o 15
S T @
3 4 —— % 10
5 5
i S 5

0 0

Axonal Branching 0 50 100 150 200
segments points Cluster diameter (nm)

Figure 4. SMLM imaging of global nascent proteins labeled with DBOV-azide in DRG neurons. (a) Reaction schematic illustrating the synthesis of
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(CuAAC) (Figure 431).46 Conventional wide-field imaging
showed that a fluorescence signal was homogeneously
distributed within the neuronal cell body and axons (Figure
S24). DBOV-azide on its own did not react with other
biomolecules in neurons, confirming the high selectivity of
DBOV-azide to the cytosolic protein and OPP. Little labeling
could also be observed when neurons were treated with
anisomycin, another antibiotic that stops ribosome translation
and competes with OPP prior to the treatment with OPP and
the subsequent click reaction with DBOV-azide, confirming
the high labeling selectivity of OPP to nascent proteins.

One of the unique advantages of SMLM over other
fluorescence imaging techniques is its inherent capability to
detect individual blinking events of single molecules. These
events can be used to investigate, e.g., protein clustering.
However, the quantification of exact protein numbers in
clusters is difficult due to over- and undercounting of
molecules.””~* SMLM imaging of nascent proteins in neurons
could be achieved in PBS solution without any additives,
providing super-resolved images after the reconstruction
(Figure 4b and Supporting Video 9). Notably, SMLM imaging
enabled us to clearly distinguish three protein clusters in a
branch of an axon, which could not be resolved in its
corresponding wide-field image (Figure 4c,d). To obtain a
detailed map of nascent proteins in neuronal axons, we further
performed the cluster analysis of all localization data based on
Voronoi diagrams,”® which could effectively segment protein
clusters and calculate the local density and diameter of global
nascent proteins (Figure 4e,f). The Voronoi cluster analysis
revealed a mean cluster size of 50 nm in diameter with an
average density of 2.5 X 10* localizations/um?. Although the
conventional wide-field fluorescence imaging revealed that the
extent of local translation at branch points is greater than the
one in axonal fragments between branches (Figure 4g (left)
and Figure S25), it could not provide an accurate analysis of
the number of translation foci and their cluster size distribution
due to the diffraction limit. In contrast, with cluster analysis of
SMLM images, the average number of puncta/um’ at the
branch points (intersection between multiple axons) could be
calculated (5.1 punctas/um?®) to be around 2.8 times that of
the axonal fragments in between (1.8 punctas/um?, Figure 4h).
On the other hand, the cluster size and density of translation
foci in branching points are comparable with those puncta in
axon fragments (Figures 4i and S25b). These results suggest
that local translation at axonal branching is higher in terms of
the number of synthesized proteins, while the sizes of
translation foci remain similar throughout the network. This
technology offers the opportunity to obtain a detailed map of
translationally active foci in neuronal axons at a resolution that
was not possible before and could help shed new light on the
phenomena of axonal translation, which has broad implications
on both neuronal injury and neurodegenerative diseases.
Taken together, our data demonstrate the potential of
DBOV-azide for studying axonal translation and other cellular
metabolism.

B CONCLUSIONS AND OUTLOOK

In summary, hydrophilic, biocompatible, and functionalized
nanographenes were synthesized as intrinsic burst-blinking
fluorophores for SRM applications, successfully deployed for
amyloid fibrils imaging both in air and various pH conditions
as well as live-cell imaging under physiological conditions, as a
proof of concept. DBOV-OTEG displayed an excellent
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intrinsic blinking behavior, uncoupled from imaging buffer
conditions, irradiation of UV light, and pH, making it suitable
for super-resolution imaging in various applications, ranging
from materials to live/fixed cell imaging, and with the potential
to further explore the relationship of functions and structures
of materials as well as the interaction of materials and
biosystems. Furthermore, we performed SMLM imaging of
global nascent proteins of neurons labeled with DBOV-azide
via click chemistry in a PBS solution. The unique cluster
analysis of SMLM enabled a detailed map of translationally
active foci in neuronal axons at the single-molecule level. This
kind of resolution has not been achieved before for the
visualization of global local translation in sensory neuron
axons, and it allows for much greater mechanistic insights into
this biological phenomenon, which is critical to axonal
physiology and pathology. Thus, this technology could help
us better understand local translation in response to internal
and external stimuli.

While DBOV-OTEG and DBOV-azide serve as excellent
prototypes of DBOV-based blinking fluorophores, the
synthetic protocol that we have established also allows for
the introduction of other functional groups for various
bioorthogonal reactions from the literature®’ or conjugation
with nanobody or antibody used in immunofluorescence, as
well as ligands for specific tags, such as SNAP-tag, Halo-tag,
and Clip-tag, for directly targeting specific proteins and
subcellular structures in the live-cell SMLM. We also envision
that multicolor SMLM imaging using nanographenes is
enabled by the readily tunable absorption and emission
wavelengths by tuning the spatial extent of the aromatic
structures. >

Besides the conventional SMLM imaging presented here,
the intrinsic blinking properties of nanographenes may also be
compatible with second-generation optical super-resolution
imaging techniques, e.g, MINFLUX, SIMFLUX, and
MINSTED, to achieve ultrahigh-precision localization (1—3
nm) of individual molecules. Furthermore, the robust chemical
structures and intrinsic blinking properties of nanographenes
may contribute to their potential applications in CLEM,"®
which combines the advantages of optical fluorescence
microscopy and electron microscopy in the long term. Overall,
the intrinsic burst-blinking fluorophores based on nano-
graphenes have clear advantages and substantially expand
new possibilities for super-resolution imaging in materials and
life science.
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