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ABSTRACT: Organic near-infrared (NIR) photoblinking fluorophores are highly desirable for live-cell super-resolution imaging
based on single-molecule localization microscopy (SMLM). Herein we introduce a novel small chromophore, PMIP, through the
fusion of perylenecarboximide with 2,2-dimetheylpyrimidine. PMIP exhibits an emission maximum at 732 nm with a high
fluorescence quantum yield of 60% in the wavelength range of 700—1000 nm and excellent photoblinking without any additives.
With resorcinol-functionalized PMIP (PMIP-OH), NIR SMLM imaging of lysosomes is demonstrated for the first time in living
mammalian cells under physiological conditions. Moreover, metabolically labeled nascent DNA is site-specifically detected using
azido-functionalized PMIP (PMIP-N,) via click chemistry, thereby enabling the super-resolution imaging of nascent DNA in
phosphate-buffered saline with a 9-fold improvement in spatial resolution. These results indicate the potential of PMIP-based NIR
blinking fluorophores for biological applications of SMLM.

ear-infrared (NIR, 700—1000 nm) fluorescence imaging chemical stability15 and serious aggregation.m Recently, a

has received increasing attention in live-cell and in vivo hybrid of single-walled carbon nanotubes (SWCNs) with
imaging,' due to lower phototoxicity, deeper tissue pene- photoswitching molecules (spiropyran-merocyanine) was
tration, and higher signal-to-noise ratio compared to imaging reported to emit NIR fluorescence and exhibit intrinsic
in the visible region (400—700 nm).”~> However, fluorescence photoblinking in air."” However, the large size (median length
imaging in the NIR region offers worse spatial resolution than of 300 nm) and inherent hydrophobicity of SWCNs limit their
in the visible region under the same conditions according to applications in biological systems. In addition, SWCNs emit
the wavelength-dependent Abbe diffraction limit.>” The low photon numbers per blinking event, leading to poor
theoretical spatial resolution of conventional microscopy in localization precision.” As such, developing NIR photo-
the NIR region exceeds 300 nm, making it impossible to switchable/blinking fluorophores for live-cell SMLM remains
resolve subcellular structures. Over the past decade, single- challenging.
molecule localization microscopy (SMLM) has revolutionized Rylenecarboximide chromophores are a remarkable class of
conventional fluorescence microscopy by improving the spatial dyes with promising optical properties, such as outstanding

resolution from hundreds to tens of nanometers.”” This thermal and photocherr'lical stability, high red ar.1d' fieep—red
breakthrough enables the visualization of subcellular structures fluorescence quantum yields (®), and biocompatibility, all of

) S EEY . .
of dimensions below 200 nm.'® Although SMLM imaging in great importance for bioimaging. Perylene dicarboximide
and terrylene dicarboximide have been reported to display

photoblinking in single-molecule experiments.””** However,
their utilization in live-cell super-resolution imaging, or
biomolecule labeling and super-resolution imaging have not
yet been reported in the NIR region. Herein, employing push—
pull substitution, we develop a small-sized NIR fluorophore,
named PMIP, based on the perylenecarboximide core fused
with 2,2-dimetheylpyrimidine. PMIP exhibits an emission
maximum (4.,) at 732 nm, high NIR ®; of 60%, and excellent

the NIR region holds promise for studying biological processes
in living cells at a high spatial resolution, such as the dynamics
of organelles, the availability of suitable fluorophores has
remained limited.

The key requirement of SMLM is to achieve switching
between fluorescent and nonfluorescent states of fluorophores,
thereby enabling the localization precision of individual
fluorophores within a few nanometers at different times and
finally leading to the separation of fluorophores within a
diffraction-limited area.'"'* Most reported organic fluoro-

phores typically require special additives (e.g., oxygen Received: November 28, 2023
scavenging systems and thiols) to facilitate the blinking Revised:  February 28, 2024
performance.'” However, these additives are cytotoxic,'* thus Accepted:  February 29, 2024

limiting applications in living cells. On the other hand, the Published: March S, 2024

design of commonly used NIR organic fluorophores relies on
extending the z-conjugation, which leads to poor photo/
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buffer-free blinking with a low on—off duty cycle of ~107> and
high photon numbers (per blinking event) of ~1800. PMIP
can be readily functionalized and used for SMLM bioimaging
with significantly improved spatial resolution. Following
cellular uptake of resorcinol-functionalized PMIP (PMIP-
OH), NIR SMLM imaging of lysosomes is demonstrated for
the first time in living cells under physiological conditions. In
addition, super-resolution imaging of metabolically labeled
nascent DNA is successfully achieved in phosphate-buffered
saline (PBS) using azido-functionalized PMIP (PMIP-Nj,) via
click reaction.

PMIP was synthesized through a two-step route commenc-
ing with 1 (Scheme 1). First, a metal-free coupling between 1

Scheme 1. Synthesis of PMIP and Its Derivatives”

OMe

MeO. OMe HO. OH
\Q\,NXN\/@ @\,NXN\/@
o
3

PMIP-N;

“Reagents and conditions: (i) benzylamine, triethylamine, NMP, 90
°C, 30 min, 70% for 2a; (ii) acetone, trifluoroacetic acid, 60 °C, 12 h,
75% for PMIP; (iii) BBrs, dichloromethane, 0 °C, 24 h, 60% for
PMIP-OH and 85% for §; (iv) 1,3-dibromopropane, K,CO,;, DMF,
tt, 24 h, 70%; (v) (3-azidopropyl)dimethylamine, acetonitrile, 60 °C,
3 b, 70%.

and benzylamine furnished 2a in 70% yield. Subsequently, a
six-membered pyrimidine ring at the peri-position of 2a was
formed to produce PMIP in 75% yield using acetone and a
catalytic amount of trifluoroacetic acid. The chloro sub-
stituents in the bay region (1,6,7,12-positions) of perylene can
induce a twisted skeleton to prevent 7—m aggregation, while
the phenyl rings of the benzyl units and the nitrogen center of
the carboximide group allow further modification with
functional groups for hydrophilicity and molecular targeting.
PMIP-OH was obtained through methyl cleavage of 3 using
BBr; in 60% yield. In order to realize site-specific labeling, an
azido function was introduced on PMIP to produce PMIP-Nj.
As depicted in Scheme 1, 4 was synthesized following the same
protocol as for PMIP. Subsequent methyl cleavage with BBr;
afforded 5 in 85% yield. 6 was synthesized through
nucleophilic substitution of § with 1,3-dibromopropane in
70% yield. Finally, a Menshutkin reaction with 3-azido-N,N-
dimethylpropan-1-amine produced PMIP-N; in 70% yield.
The molecular structures were proven by nuclear magnetic
resonance (NMR) spectroscopy and high-resolution matrix-
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assisted laser desorption/ionization time-of-flight mass spec-
trometry (HR MALDI-TOF MS; see the SI).

As shown in Figure 1, PMIP exhibits absorption and
emission maxima (4., and A,,) at 660 and 732 nm,
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Figure 1. Photophysical properties of PMIP. (a) Absorption and
emission spectrum in DMSO. (b) Typical single-molecule fluo-
rescence time trace of PMIP. (c) On—off duty cycle of PMIP in air.
(d) Histogram of detected photons per switching event and single-
exponential fit of PMIP in air.

respectively, with a high molar extinction coefficient (¢) of 6
x 10* M™' cm™ and a large Stokes shift of 72 nm. In
comparison with the parent 3,4,9,10—tetrachloro;)erylene
dicarboximide (A, = 522 nm and A., = 550 nm),”* PMIP
realizes significant bathochromic shifts of 138 and 182 nm in
absorbance and emission, respectively, resulting from intra-
molecular charge transfer (ICT). The ICT was also confirmed
by cyclic voltammetry and density functional theory calculation
(Figure S1). A high ®; of 60% in the wavelength range of
700—1000 nm is achieved for PMIP in DMSO using
Rhodamine 800 as a reference (Figure S2).”° The ®; value
of PMIP is twice as large as that of the guanidine analogue,™
enhancing imaging performance. PMIP-OH exhibits red-
shifted A, and A, at 700 and 750 nm, respectively, due to
enhanced ICT compared with PMIP (Figure S3). This allows
for excitation and emission both in the NIR region, which is
beneficial for live-cell and in vivo imaging. PMIP-N;
demonstrates A, and 4., at 660 and 730 nm, respectively,
with a @y of 58% (Table S1 and Figure S3). The water
solubility of PMIP-OH and PMIP-N; was measured with
fluorescence correlation spectroscopy (FCS).”° Both com-
pounds can be molecularly dissolved in DMSO (Figure S4),
while the hydrodynamic radius (R;) of PMIP-OH and PMIP-
N; in water is 15 and 11 nm, respectively. Since the aggregates
are sufficiently small, the impact on the following SMLM
bioimaging is negligible. The absorption and emission changes
of PMIP derivatives are negligible in buffer solutions with a pH
range from 3 to 9 (Figures SS and S6), suggesting them as
potential fluorescent probes for use in cellular environments.
The single-molecule fluorescence blinking properties of
PMIP were investigated in air without any additives (see the
SI). PMIP exhibited excellent burst-blinking in the NIR
domain (Figure 1b). We then measured the on—off duty cycle
(fraction of time a molecule resides in its fluorescent state) and
photon numbers (per blinking event), which are key
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parameters for achieving super-resolution imaging with
SMLM."* PMIP displayed a low on—off duty cycle of ~107°
(Figure 1c), indicating a minimal occurrence of two individual
molecules emitting fluorescence simultaneously in the
diffraction-limited region, therefore contributing to high
localization accuracy. Meanwhile, PMIP exhibited high photon
numbers of ~1800 (Figure 1d), corresponding to a theoretical
resolution of ~10 nm.”” PMIP-OH and PMIP-N; also showed
high photon numbers of 1500 and 1900, respectively, with an
on—off duty cycle of ~107 (Figure S7). Taken together,
PMIP-based fluorophores are suitable for achieving high-
quality SMLM imaging.

For a proof of concept of live-cell SMLM imaging, U20S
cells were incubated with PMIP-OH (1 uM) in a standard cell
culture medium for 30 min (see the SI). After cellular uptake,
PMIP-OH selectively accumulated in lysosomes, as confirmed
by a co-localization experiment with LysoTracker Green
(Figure S8, Pearson’s correlation coefficient: 0.86). The
lysosome is an organelle with a size of 200—300 nm that
contains digestive enzymes to break down cellular wastes (e.g.,
proteins, nucleic acids, carbohydrates, and lipids). It thus plays
an important role in mediating cellular metabolism and
signaling.zs’zg However, the natural acidic microenvironment
of lysosomes (pH 4.5—S5) has confined the use of pH-sensitive
organic fluorophores.”” Here, the pH insensitivity of PMIP-
OH allowed SMLM imaging of the lysosome. We therefore
performed the live-cell SMLM imaging of lysosomes under
physiological conditions in the NIR region. As displayed in
Figure 2a, the conventional wide-field fluorescence image of
lysosomes stained by PMIP-OH exhibited the typical
diffraction-limited image. In contrast, the reconstructed

a) b)

Conventional

9] 0-150s 0-30s 30-60s 60-90s 90-120s 120-150 s

Figure 2. NIR live-cell SMLM imaging of lysosomes with PMIP-OH.
(a) Conventional wide-field image of lysosomes labeled with PMIP-
OH in living U20S cells. (b) SMLM image of lysosomes labeled with
PMIP-OH in living U20S cells within 150 s. The four marked square
areas (1, 2, 3, 4) represent four individual lysosomes. (c) Time
sequence super-resolution images of lysosomes (yellow rectangle
marked in b) with 30 s intervals. Scale bars: 2 ym in a and b, 200 nm
in c.
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SMLM image illustrated a much-improved resolution (Figure
2b). Furthermore, the real-time motion of individual lysosomes
was monitored for 150 s with 30 s as intervals, enabling the
observation of morphological changes with a spatial resolution
in the range of tens of nanometers (Figure 2c). These results
demonstrated the potential of PMIP-based blinking fluoro-
phores for live-cell SMLM imaging in the NIR region.

In addition, we utilized PMIP-OH for the SMLM imaging of
nanoscale crevices of a glass substrate in air (see the SI). With
SMLM imaging, a full width at half-maximum (FWHM) of 74
nm was achieved for the nanoscale crevices, yielding a ~10-
fold improvement compared with the conventional fluores-
cence image (Figure S9).

Click chemistry is a powerful tool in the nucleic acid
field.”' ~** 5-Ethynyl-2’-deoxyuridine (EdU), a thymidine
analog, is widely applied to metabolically incorporate into
nascent DNA and can be subsequently site-specifically
detected by azido-functionalized fluorophores via click
chemistry, which contributes to the study of cell proliferation
and differentiation,* neurogenesis,35 carcinogenesis,36 and cell
cycle dynamics.”” To achieve the super-resolution imaging of
nascent DNA, PMIP-N; was used to label the nascent DNA
(see the SI). As illustrated in Figure 3a, U20S cells were first
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Figure 3. Labeling nascent DNA with PMIP-N;. (a) Diagram of
nascent DNA incorporating with F-ara-EdU and subsequently
detected with PMIP-N;. (b) Conventional wide-field images of
nascent DNA metabolically labeled with (+)/without (—) F-ara-EdU
and then performing the same click chemistry with PMIP-Nj, scale
bars: 50 pm.

incubated with (2’S)-2’-deoxy-2’-fluoro-5-ethynyluridine (F-
ara-EdU) before washing with PBS. F-ara-EdU can be
incorporated into the nascent DNA chain through covalent
bonding during the replication process and possesses less
toxicity than normally used EdU.*® Subsequently, the cells
were lysed, and the DNA chains were extracted on a positively
charged glass surface and then fixed in methanol/acetic acid
solution. Finally, F-ara-EdU on the nascent DNA chains was
detected by PMIP-Nj via click chemistry (for details see the
SI). 4',6-Diamidino-2-phenylindole (DAPI, blue commercial

https://doi.org/10.1021/jacs.3c13368
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dye specifically labels DNA) was used for co-staining. The
strong co-localization of PMIP-N; and DAPI (Figure 3b, top
panel, Pearson’s correlation coefficient: 0.86) indicated the
successful labeling of PMIP-N; to nascent DNA. In order to
exclude the nonspecific adsorption of PMIP-Nj;, a control
experiment was performed in which DNA was not pretreated
with F-ara-EdU, but underwent the same click reaction with
PMIP-N; and was co-stained with DAPI. We observed the
blue signal attributed to DAPI-labeled DNA, while no signal
was detected in the NIR region (Figure 3b, bottom panel),
illustrating negligible nonspecific targeting of DNA by PMIP-
N,.

NIR SMLM imaging of nascent DNA labeled by PMIP-N;
was performed in PBS solution without any additives. The
SMLM image of nascent DNA chains displayed a remarkably
high resolution (Figure 4a), featuring an FWHM of

c) ——SMLM d) e SR
4~ —¢— Conventional 1.0 / § —— Conventional
308 520 nm/ “ 308 r \ /fh
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Figure 4. SMLM imaging of nascent DNA labeled by PMIP-N; in
PBS solution. (a, b) Reconstructed SMLM images of nascent DNA
and corresponding conventional wide-field images (insets). (c) Profile
of red line marked in a, white arrows indicating the position. (d)
Profile of red line marked in b, white arrows indicating the position.
Scale bars: 2 ym.

approximately 60 nm, which represents a 9-fold improvement
when compared to conventional wide-field imaging (FWHM =
520 nm, Figure 4c). Moreover, SMLM imaging enabled the
clear distinction of densely packed DNA chains with a higher
signal-to-noise ratio, which is challenging in conventional
fluorescence imaging (Figure 4b,d).

In summary, we have developed a bright NIR fluorophore,
PMIP, with absorption and emission reaching into the NIR
region. PMIP displays an excellent intrinsic photoblinking with
low on—off duty cycles of ~107> and high photon numbers of
~1800. As a proof of concept of the NIR live-cell experiment,
super-resolution SMLM imaging of lysosomes in living cells is
demonstrated with PMIP-OH under physiological conditions.
Moreover, metabolically labeled nascent DNA is site-
specifically detected by PMIP-N; via the click reaction,
enabling SMLM imaging with a 9-fold resolution improvement
compared to conventional wide-field imaging. These results
illustrate the potential of PMIP-based NIR fluorophores to
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expand the biological applications of SMLM, particularly in
live-cell and in vivo imaging.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.3¢13368.

Synthesis and characterizations of new compounds;
experimental details and data analysis; supplementary
figures and NMR spectra (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Chen Li — Max Planck Institute for Polymer Research, 55128
Mainz, Germany; ® orcid.org/0000-0002-8438-259X;
Email: lichen@dgut.edu.cn

Xiaomin Liu — Max Planck Institute for Polymer Research,
55128 Mainz, Germany; Email: liuxiaomin@mpip-
mainz.mpg.de

Klaus Miullen — Max Planck Institute for Polymer Research,
55128 Mainz, Germany; Department of Chemistry, Johannes
Gutenberg-University, 55099 Mainz, Germany;

orcid.org/0000-0001-6630-8786; Email: muellen@

mpip-mainz.mpg.de

Authors

Ze-Hua Wu — Max Planck Institute for Polymer Research,
55128 Mainz, Germany; Department of Chemistry, Johannes
Gutenberg-University, 55099 Mainz, Germany

Xingfu Zhu — Max Planck Institute for Polymer Research,
55128 Mainz, Germany; © orcid.org/0000-0003-0952-
4567

Qiqi Yang — Max Planck Institute for Polymer Research,
55128 Mainz, Germany

Yulian Zagranyarski — Max Planck Institute for Polymer
Research, 55128 Mainz, Germany

Krishna Mishra — Department of Chemistry, Johannes
Gutenberg-University, 55099 Mainz, Germany

Hilmar Strickfaden — Katz Group Center, University of
Alberta, Edmonton, AB T6G 2T9, Canada

Ronald P. Wong — Institute of Molecular Biology (IMB),
55128 Mainz, Germany

Thomas Basché — Department of Chemistry, Johannes
Gutenberg-University, 55099 Mainz, Germany

Kaloian Koynov — Max Planck Institute for Polymer Research,
$5128 Mainz, Germany; © orcid.org/0000-0002-4062-
8834

Mischa Bonn — Max Planck Institute for Polymer Research,
55128 Mainz, Germany; © orcid.org/0000-0001-6851-
8453

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.3¢13368

Author Contributions

17Z.-HW. and X.Z. contributed equally. The manuscript was
written through the contributions of all authors. All authors
have given approval to the final version of the manuscript.
Funding

Open access funded by Max Planck Society.

Notes

The authors declare no competing financial interest.

https://doi.org/10.1021/jacs.3c13368
J. Am. Chem. Soc. 2024, 146, 7135—7139


https://pubs.acs.org/doi/10.1021/jacs.3c13368?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c13368/suppl_file/ja3c13368_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chen+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8438-259X
mailto:lichen@dgut.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaomin+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:liuxiaomin@mpip-mainz.mpg.de
mailto:liuxiaomin@mpip-mainz.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Klaus+Mu%CC%88llen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6630-8786
https://orcid.org/0000-0001-6630-8786
mailto:muellen@mpip-mainz.mpg.de
mailto:muellen@mpip-mainz.mpg.de
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ze-Hua+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xingfu+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0952-4567
https://orcid.org/0000-0003-0952-4567
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qiqi+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yulian+Zagranyarski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Krishna+Mishra"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hilmar+Strickfaden"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ronald+P.+Wong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thomas+Basche%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kaloian+Koynov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4062-8834
https://orcid.org/0000-0002-4062-8834
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mischa+Bonn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-6851-8453
https://orcid.org/0000-0001-6851-8453
https://pubs.acs.org/doi/10.1021/jacs.3c13368?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13368?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13368?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13368?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13368?fig=fig4&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c13368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

Communication

pubs.acs.org/JACS

B ACKNOWLEDGMENTS

This work was financially supported by the Max Planck
Society. X.Z. and Q.Y. acknowledge support from the Chinese
Scholarship Council (CSC). We acknowledge the Microscopy
Core PFacility at the Institute of Molecular Biology (IMB
Mainz) for the use of the microscopes.

B REFERENCES

(1) Chen, W.; Zhang, Y.; Li, Q.; Jiang, Y.; Zhou, H.; Liu, Y.; Miao,
Q; Gao, M. Near-Infrared Afterglow Luminescence of Chlorin
Nanoparticles for Ultrasensitive In Vivo Imaging. J. Am. Chem. Soc.
2022, 144 (15), 6719—6726.

(2) Chen, Y.; Wang, S.; Zhang, F. Near-infrared luminescence high-
contrast in vivo biomedical imaging. Nat. Rev. Bioeng. 2023, 1 (1),
60—78.

(3) Zhang, S.; Yang, W.; Lu, X.; Zhang, X,; Pan, Z.; Qu, D.-H.; Mei,
D.; Mei, J.; Tian, H. Near-infrared AlEgens with high singlet-oxygen
yields for mitochondria-specific imaging and antitumor photodynamic
therapy. Chem. Sci. 2023, 14 (25), 7076—7085.

(4) Casutt, M.; Ruscello, M.; Strobel, N.; Koser, S.; Bunz, U. H. F.;
Jansch, D.; Freudenberg, J; Hernandez-Sosa, G.; Miillen, K.
Diketopyrrolopyrrole-Polymer Meets Thiol-Ene Click Chemistry: A
Cross-Linked Acceptor for Thermally Stable Near-Infrared Photo-
detectors. Chem. Mater. 2019, 31 (18), 7657—7665.

(5) Hong, G.; Antaris, A. L.; Dai, H. Near-infrared fluorophores for
biomedical imaging. Nat. Biomed. Eng. 2017, 1 (1), 0010.

(6) Abbe, E. Beitrige zur Theorie des Mikroskops und der
mikroskopischen Wahrnehmung. Archiv f. mikrosk. Anatomie 1873,
9 (1), 413—468.

(7) Stelzer, E. H. K. Beyond the diffraction limit? Nature 2002, 417
(6891), 806—807.

(8) Rust, M. J.; Bates, M.; Zhuang, X. Sub-diffraction-limit imaging
by stochastic optical reconstruction microscopy (STORM). Nat.
Methods 2006, 3 (10), 793—796.

(9) Betzig, E.; Patterson, G. H; Sougrat, R;; Lindwasser, O. W,;
Olenych, S.; Bonifacino, J. S.; Davidson, M. W.; Lippincott-Schwartz,
J; Hess, H. F. Imaging Intracellular Fluorescent Proteins at
Nanometer Resolution. Science 2006, 313 (5793), 1642—164S.

(10) Sigal, Y. M; Zhou, R.; Zhuang, X. Visualizing and discovering
cellular structures with super-resolution microscopy. Science 2018, 361
(6405), 880—887.

(11) Lelek, M.; Gyparaki, M. T.; Beliu, G.; Schueder, F.; Griffié, J;
Manley, S.; Jungmann, R.; Sauer, M.; Lakadamyali, M.; Zimmer, C.
Single-molecule localization microscopy. Nat. Rev. Methods Primers
2021, 1 (1), 39.

(12) Turkowyd, B.; Virant, D.; Endesfelder, U. From single
molecules to life: microscopy at the nanoscale. Anal. Bioanal. Chem.
2016, 408 (25), 6885—6911.

(13) Dempsey, G. T.; Vaughan, J. C; Chen, K. H.; Bates, M,;
Zhuang, X. Evaluation of fluorophores for optimal performance in
localization-based super-resolution imaging. Nat. Methods 2011, 8
(12), 1027—-1036.

(14) Brunelle, J. K; Chandel, N. S. Oxygen deprivation induced cell
death: An update. Apoptosis 2002, 7 (6), 475—482.

(15) Wang, M.-W,; Fan, W.; L, X,; Liu, Y.; Li, Z.; Jiang, W.; Wu, J;
Wang, Z. Molecular Carbons: How Far Can We Go? ACS Nano 2023,
17 (21), 20734—20752.

(16) Huang, Y,; Xing, J.; Gong, Q; Chen, L.-C,; Liu, G; Yao, C;
Wang, Z.; Zhang, H.-L.; Chen, Z.; Zhang, Q. Reducing aggregation
caused quenching effect through co-assembly of PAH chromophores
and molecular barriers. Nat. Commun. 2019, 10 (1), 169.

(17) Godin, A. G.; Setaro, A.; Gandil, M.; Haag, R.; Adeli, M.; Reich,
S.; Cognet, L. Photoswitchable single-walled carbon nanotubes for
super-resolution microscopy in the near-infrared. Sci. Adv. 2019, 5
(9), No. eaax1166.

(18) Jiang, W.; Wang, Z. Molecular Carbon Imides. J. Am. Chem.
Soc. 2022, 144 (33), 14976—14991.

7139

(19) Weiflenstein, A.; Grande, V.; Saha-Méller, C. R.; Wiirthner, F.
Water-soluble naphthalene diimides: synthesis, optical properties, and
colorimetric detection of biogenic amines. Org. Chem. Front. 2018, S
(18), 2641—-2651.

(20) Borissov, A.; Maurya, Y. K.;; Moshniaha, L.; Wong, W.-S.; Zyla-
Karwowska, M.; Stepien, M. Recent Advances in Heterocyclic
Nanographenes and Other Polycyclic Heteroaromatic Compounds.
Chem. Rev. 2022, 122 (1), 565—788.

(21) Sun, M.; Miillen, K.; Yin, M. Water-soluble perylenediimides:
design concepts and biological applications. Chem. Soc. Rev. 2016, 45
(6), 1513—1528.

(22) Kaloyanova, S.; Zagranyarski, Y.; Ritz, S; Hanulovd, M,;
Koynov, K.; Vonderheit, A.; Miillen, K; Peneva, K. Water-Soluble
NIR-Absorbing Rylene Chromophores for Selective Staining of
Cellular Organelles. J. Am. Chem. Soc. 2016, 138 (9), 2881—2884.

(23) Haase, M.; Hiibner, C. G.; Nolde, F.; Miillen, K.; Basché, T.
Photoblinking and photobleaching of rylene diimide dyes. Phys. Chem.
Chem. Phys. 2011, 13 (S), 1776—178S.

(24) Rani, K; Pandey, U. K; Sengupta, S. Efficient electron
transporting and panchromatic absorbing FRET cassettes based on
aza-BODIPY and perylenediimide towards multiple metal FRET-Off
sensing and ratiometric temperature sensing. J. Mater. Chem. C 2021,
9 (13), 4607—4618.

(25) Alessi, A; Salvalaggio, M.; Ruzzon, G. Rhodamine 800 as
reference substance for fluorescence quantum yield measurements in
deep red emission range. J. Lumin. 2013, 134, 385—389.

(26) Schmitt, S.; Nuhn, L.; Barz, M.; Butt, H.-J.; Koynov, K. Shining
Light on Polymeric Drug Nanocarriers with Fluorescence Correlation
Spectroscopy. Macromol. Rapid Commun. 2022, 43 (12),
No. 2100892.

(27) Thompson, R. E.; Larson, D. R; Webb, W. W. Precise
nanometer localization analysis for individual fluorescent probes.
Biophys. ]. 2002, 82 (5), 2775—83.

(28) de Duve, C. The lysosome turns fifty. Nat. Cell Biol. 2005, 7
(9), 847—849.

(29) Lawrence, R. E.; Zoncu, R. The lysosome as a cellular centre for
signalling, metabolism and quality control. Nat. Cell Biol. 2019, 21
(2), 133—142.

(30) Uno, S.-n.; Kamiya, M.; Yoshihara, T.; Sugawara, K.; Okabe, K ;
Tarhan, M. C,; Fujita, H.; Funatsu, T.; Okada, Y.; Tobita, S.; Urano,
Y. A spontaneously blinking fluorophore based on intramolecular
spirocyclization for live-cell super-resolution imaging. Nat. Chem.
2014, 6 (8), 681—689.

(31) Fantoni, N. Z.; El-Sagheer, A. H.; Brown, T. A Hitchhiker’s
Guide to Click-Chemistry with Nucleic Acids. Chem. Rev. 2021, 121
(12), 7122—7154.

(32) El-Sagheer, A. H.; Brown, T. Click chemistry with DNA. Chem.
Soc. Rev. 2010, 39 (4), 1388—1405.

(33) McStay, N.; Slator, C.; Singh, V.; Gibney, A.; Westerlund, F.;
Kellett, A. Click and Cut: a click chemistry approach to developing
oxidative DNA damaging agents. Nucleic Acids Res. 2021, 49 (18),
10289—-10308.

(34) Borghans, J. A. M.; De Boer, R. J. Quantification of T-cell
dynamics: from telomeres to DNA labeling. Immunol. Rev. 2007, 216
(1), 35—47.

(35) Kuhn, H. G; Cooper-Kuhn, C. M. Bromodeoxyuridine and the
Detection of Neurogenesis. Curr. Pharm. Biotechnol. 2007, 8 (3),
127-131.

(36) Quiniones-Hinojosa, A.; Sanai, N.; Smith, J. S.; McDermott, M.
W. Techniques to assess the proliferative potential of brain tumors. J.
Neurooncol. 2005, 74 (1), 19—30.

(37) Stacey, D. W.; Hitomi, M. Cell cycle studies based upon
quantitative image analysis. Cytometry 2008, 73A (4), 270—278.

(38) Neef, A. B.; Luedtke, N. W. Dynamic metabolic labeling of
DNA in vivo with arabinosyl nucleosides. Proc. Natl. Acad. Sci. U. S. A.
2011, 108 (51), 20404—20409.

https://doi.org/10.1021/jacs.3c13368
J. Am. Chem. Soc. 2024, 146, 7135—7139


https://doi.org/10.1021/jacs.1c10168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c10168?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s44222-022-00002-8
https://doi.org/10.1038/s44222-022-00002-8
https://doi.org/10.1039/D3SC00588G
https://doi.org/10.1039/D3SC00588G
https://doi.org/10.1039/D3SC00588G
https://doi.org/10.1021/acs.chemmater.9b02530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b02530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41551-016-0010
https://doi.org/10.1038/s41551-016-0010
https://doi.org/10.1007/BF02956173
https://doi.org/10.1007/BF02956173
https://doi.org/10.1038/417806a
https://doi.org/10.1038/nmeth929
https://doi.org/10.1038/nmeth929
https://doi.org/10.1126/science.1127344
https://doi.org/10.1126/science.1127344
https://doi.org/10.1126/science.aau1044
https://doi.org/10.1126/science.aau1044
https://doi.org/10.1038/s43586-021-00038-x
https://doi.org/10.1007/s00216-016-9781-8
https://doi.org/10.1007/s00216-016-9781-8
https://doi.org/10.1038/nmeth.1768
https://doi.org/10.1038/nmeth.1768
https://doi.org/10.1023/A:1020668923852
https://doi.org/10.1023/A:1020668923852
https://doi.org/10.1021/acsnano.3c07970?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-018-08092-y
https://doi.org/10.1038/s41467-018-08092-y
https://doi.org/10.1038/s41467-018-08092-y
https://doi.org/10.1126/sciadv.aax1166
https://doi.org/10.1126/sciadv.aax1166
https://doi.org/10.1021/jacs.2c04642?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8QO00611C
https://doi.org/10.1039/C8QO00611C
https://doi.org/10.1021/acs.chemrev.1c00449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.1c00449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CS00754B
https://doi.org/10.1039/C5CS00754B
https://doi.org/10.1021/jacs.5b10425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b10425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b10425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C0CP01814G
https://doi.org/10.1039/D1TC00068C
https://doi.org/10.1039/D1TC00068C
https://doi.org/10.1039/D1TC00068C
https://doi.org/10.1039/D1TC00068C
https://doi.org/10.1016/j.jlumin.2012.08.017
https://doi.org/10.1016/j.jlumin.2012.08.017
https://doi.org/10.1016/j.jlumin.2012.08.017
https://doi.org/10.1002/marc.202100892
https://doi.org/10.1002/marc.202100892
https://doi.org/10.1002/marc.202100892
https://doi.org/10.1016/S0006-3495(02)75618-X
https://doi.org/10.1016/S0006-3495(02)75618-X
https://doi.org/10.1038/ncb0905-847
https://doi.org/10.1038/s41556-018-0244-7
https://doi.org/10.1038/s41556-018-0244-7
https://doi.org/10.1038/nchem.2002
https://doi.org/10.1038/nchem.2002
https://doi.org/10.1021/acs.chemrev.0c00928?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00928?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/b901971p
https://doi.org/10.1093/nar/gkab817
https://doi.org/10.1093/nar/gkab817
https://doi.org/10.1111/j.1600-065X.2007.00497.x
https://doi.org/10.1111/j.1600-065X.2007.00497.x
https://doi.org/10.2174/138920107780906531
https://doi.org/10.2174/138920107780906531
https://doi.org/10.1007/s11060-004-5758-0
https://doi.org/10.1002/cyto.a.20511
https://doi.org/10.1002/cyto.a.20511
https://doi.org/10.1073/pnas.1101126108
https://doi.org/10.1073/pnas.1101126108
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c13368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

