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An in-depth understanding of cancer-cell mitosis presents unprecedented advantages for solving
metastasis and proliferation of tumors, which has aroused great interest in visualizing the behavior via
a luminescence tool. We developed a fluorescent molecule CBTZ-yne based on substituent engineering
to acquire befitting lipophilicity and electrophilicity for anchoring lipid droplets and the nucleus, in which
the low polarity environment and nucleic acids triggered a "weak-strong” fluorescence and “short-long”
fluorescence-lifetime response. Meaningfully, CBTZ-yne visualized chromatin condensation, alignment,
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Introduction

Cancerous cells have the characteristics of rapid proliferation
and metastasis ascribed to uncontrolled mitosis, thus posing
a major problem in tumor treatment."® As is known, mitosis
involves prophase, metaphase, anaphase, and telophase with
the character of chromatin condensation, alignment, pull-
push, and separation, which is participated by nucleic acids
(including DNA and RNA).** Therefore, visualizing the dynamic
physiological processes of DNA at each cycle stage of mitosis
was critical during the cell's lifespan.®* Certainly, it was
imperative to develop fluorescent bio-probe labelling DNA,
whose strategies were mainly based on the introduction of
positive charge to the probe or biological orthogonal
technology."*™ Until now, the developed small-molecule
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reactive oxygen species

according to the subtle change of fluorescence-lifetime. Our work suggested a new guideline for
tracking the issue of the proliferation of malignant tumors in photodynamic therapy.

fluorescent probes capable of detecting, visualizing, and
monitoring DNA structures in human cells offered a powerful
and direct means to explore its putative roles.'*>* Nevertheless,
the subtle variation in cellular microenvironments and
complexity of multiple sub-organelles usually expressed the
higher requirements for the sensitivity and selectivity of probes
using confocal laser scanning microscopy (CLSM).

In contrast to CLSM utilizing changes in fluorescence
intensity to study the cellular microenvironment, fluorescence
lifetime imaging microscopy (FLIM) has been used to provide
more accurate messages through changes in fluorescence
lifetime.”**” For example, Liu et al. prepared a polarity-sensitive
probe CQPP that monitored lipid droplets and the nucleus,
successfully distinguishing between cellular ferroptosis and
apoptosis using FLIM technology, which raised the possibility
of observing the subtle variation in cellular microenviron-
ments.>® Except for polarity, reactive oxygen species (ROS) was
also believed as an important factor in affecting the microen-
vironments of cancerous cells, which could oxidize DNA leading
to mutagenesis and affecting cellular proliferation.**** Unfor-
tunately, visualizing the effect of ROS on cellular proliferation
was somehow neglected, while was meaningful to fully track the
issue of the proliferation of malignant tumors in photodynamic
therapy.*>

Besides, the cell nucleus and lipid droplets existed in close
correlation, for instance, lipid droplet formation affected the
nuclear morphology,* which makes it urgent to develop a dual-
specificity and sensitive tracker for observing the process of
pathological oxidative stress between them. Compared with the
traditional single-mode fluorescent probes, the two points of

Chem. Sci, 2024, 15, 3949-3956 | 3949


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc06342a&domain=pdf&date_stamp=2024-03-08
http://orcid.org/0000-0002-3504-8739
http://orcid.org/0000-0001-9583-2595
https://doi.org/10.1039/d3sc06342a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06342a
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC015011

Open Access Article. Published on 31 January 2024. Downloaded on 1/14/2026 5:26:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Interaction with DNA

View Article Online

Edge Article

Visualizing LDs
via CLSM

Visualizing
LDs and Nucleus
via CLSM and FLIM

15 20 25

Reporting Pathological Oxidative Stress during Mitosis

Prophase Metaphase Anaphase Telophase

o ) V. N:(‘\

% - 2 \ 74 (N Y.
N=22 > W » .

RN
Change of FL. Iifet)ime T —_— Dectases Unéhanged Unchanged

Ch f FL. lifeti

i "' Unchanged Unchanged Unchanged Unchanged

(LDs)

Scheme 1 Design of the chromatin tracker for reporting pathological oxidative stress during mitosis.

molecular design were considered to construct a dual-mode
fluorescent tracker (CBTZ-yne). Firstly, the excellent lip-
ophilicity of coumarin groups was selected for anchoring lipid
droplets. Secondly, the substituent on the N-methyl-
benzothiazole site was adjusted to bind DNA, the binding
mechanism of which was investigated through 'H nuclear
magnetic resonance (NMR) spectra, circular dichroism (CD)
experiments, and docking calculation. CBTZ-yne showed
a sensitive response of fluorescence and fluorescence lifetime
when there is a slight change in the polarity environment or
DNA contents, beneficial to observe the subtle variation in
cellular microenvironments. Overall, CBTZ-yne first visualized
subtle photo-damage on mitosis of cancer cells under photo-
production ROS via FLIM, which offered a valuable reference
to investigate the conundrum of asynchronous cellular mitosis
(Scheme 1).

Results and discussion
Synthesis and characterization

To adjust the lipophilicity and electrophilicity, the coumarin
fragment was selected as an electron donor (D) by virtue of its
unique lipophilicity, as well as two cationic benzothiazole
derivatives as an acceptor (A) with different substituent groups,
which provided a prerequisite for designing a fluorescent
molecule which showed a response to lipid droplets and DNA.
In this regard, the D-m-A system (CBTZ-yne and CBTZ-acid) was
easily constructed to achieve excellent fluorescence emission.
Among them, the terminal alkyne was used as a functional
moiety to modulate the electrophilicity of CBTZ-yne for
enhancing DNA binding.***” And then, CBTZ-yne and CBTZ-

3950 | Chem. Sci, 2024, 15, 3949-3956

acid were synthesized by the Knoevenagel condensation reac-
tion in one step, whose molecular structures were fully char-
acterized by high-resolution mass spectroscopy (HRMS) as well
as '"H NMR and "*C NMR spectroscopy (Fig. S1-S61).

Photophysical properties

The photophysical properties of CBTZ-yne and CBTZ-acid were
studied using UV-vis absorption and fluorescence spectra. As we
can see in Fig. S7,t the measured absorption maxima of CBTZ-
yne and CBTZ-acid presented two absorption peaks in 1,4-
dioxane, of which the one around 400 nm was consistent with
that of compound 2 (with the same coumarin groups). Besides,
the fluorescence spectra centered at 470 nm in Fig. S8t revealed
that CBTZ-yne and CBTZ-acid exhibited emission (Ax = 405
nm), which might originate from the local excitation (LE)
process of coumarin groups.*®*** Also, the emission peaks of
CBTZ-yne and CBTZ-acid centered at around 660 nm (A, = 561
nm) were attributed to the intramolecular charge transfer (ICT)
process of the D-t-A molecule (Fig. S97).

Given that fluorescent molecules with the D-m-A structure
are susceptible to solvent polarity, 1,4-dioxane with low polarity
and H,O with high polarity were selected as solvents to inves-
tigate the photophysical properties of CBTZ-yne and CBTZ-acid.
As displayed in Fig. 1b and c, weak fluorescence emission at
around 465 nm was observed in aqueous solution, while the
fluorescence intensity increased by degrees with the increasing
1,4-dioxane fraction of the mixture, accompanied by a blue-shift
emission peak (AA = ca. 21 nm that of CBTZ-yne and A = ca.
13 nm that of CBTZ-acid). Similarly, as shown in Fig. S10,f with
the increase of solvent polarity, the fluorescence intensity of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Chemical structures of the prepared trackers; (b and c) fluorescence spectra of trackers (107> M) in the mixed solvent of 1,4-dioxane

and aqueous solution (Aex = 405 nm); (d and e) transient fluorescence

dynamics of trackers (107> M) in 1,4-dioxane and aqueous solution,

respectively (Aex = 373 nm); (f and g) the fluorescence intensity of CBTZ-yne and CBTZ-acid (10~> M) with the addition of different concen-
trations of DNA (0—520 pL, 2 mg mL™Y) in Tris—HCl buffer (pH 7.4); (h and i) transient fluorescence dynamics of trackers (10~ M) with the addition
of different concentrations of DNA (0-520 pL, 2 mg mL™) in Tris—HCl buffer (pH 7.4).

CBTZ-yne and CBTZ-acid in the solvent gradually decreases.
Among them, the fluorescence intensity of CBTZ-yne has
a larger attenuation amplitude, indicating that it is more
sensitive to polarity. Subsequently, the transient fluorescence
dynamics were also further investigated using a time-correlated
single photon counter. As observed in Fig. 1d and e, the
measured lifetime of CBTZ-yne in 1,4-dioxane (1.92 ns) was
longer than that in aqueous solution (0.559 ns) at A, = ca.
373 nm. In contrast, the fluorescence lifetime of CBTZ-acid was
fitted to be 0.923 ns in 1,4-dioxane, and 0.727 ns in aqueous
solution, for which the difference (At = 0.196 ns) was smaller
than that of CBTZ-yne (At = 1.361 ns). The prolonged lifetime
indicated more fractions of excited states relaxing in radiative
paths, which was well matched with the above observations of
enhanced fluorescence intensity. These results presented that
CBTZ-yne and CBTZ-acid showed a response to change in polar
environment, especially, CBTZ-yne displayed more suscepti-
bility to changes polarity of the solvent.

Considering that positively charged molecules easily bind
with DNA because of their electrostatic interaction, the ability of
CBTZ-yne and CBTZ-acid to respond to DNA was assessed via
UV-vis absorption/fluorescence spectroscopy. As seen in
Fig. S11a and b, the redshifted absorption (A4 = ca. 16 nm) of
CBTZ-yne (107> M) was observed with the addition of DNA in

© 2024 The Author(s). Published by the Royal Society of Chemistry

aqueous solution, while that of CBTZ-acid (10~> M) showed
slight redshifts (A2 = ca. 5 nm). Not only that, the fluorescence
spectra in Fig. S12a and bt displayed the weakly emissive
behavior of CBTZ-yne and CBTZ-acid in Tris-HCI buffer. Upon
increasing the concentration of DNA, the fluorescent color of
the CBTZ-yne solution changed from colorless to red, which was
observed under a UV lamp (365 nm), along with a gradual
increase in the fluorescence intensity. Also, the fluorescence
quantum yield of CBTZ-acid measured using an ultrafast time-
resolved fluorescence spectrometer was 2.97%, and the fluo-
rescence quantum yield of CBTZ-acid + DNA was 20.16%.
Comparatively, the enhanced appearance of CBTZ-acid was less
significant than that of CBTZ-yne (Fig. 1f, g and S13%). Subse-
quently, the response of the tracker to DNA was further explored
through transient fluorescence spectra (ie;, = ca. 665 nm).
When DNA was added, the fluorescence lifetime of CBTZ-yne
was prolonged from 0.212 ns to 2.38 ns (At = 2.168 ns) (Fig. 1h).
In contrast, under the addition of equal DNA, the fluorescence
lifetime of CBTZ-acid rarely followed that change (At = 0.104
ns), indicative of the weaker response to DNA (Fig. 1i).

As noted above, various biologically relevant ions and
molecules (i.e., PO,*>”, nucleic acids, amino acids, etc.) were
selected to investigate the selectivity of CBTZ-yne and CBTZ-acid
to DNA. As shown in Fig. S14af, the addition of DNA to CBTZ-

Chem. Sci., 2024, 15, 3949-3956 | 3951
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yne showed the enhancement of fluorescence intensity distinct
from those found with the addition of others. Instead, only
a slight fluorescence increase at ca. 675 nm was found when
CBTZ-acid was added with DNA and other analytes (Fig. S14b¥).
These observations suggested that the response of CBTZ-yne to
DNA was more sensitive than that of CBTZ-acid.

The binding affinity of the tracker for DNA

The different substituent structures of target compounds and the
fluorogenic response elicited by DNA prompted us to investigate
their binding affinity. As can be seen in Fig. 2a, the "H NMR
titration experiments of the prepared tracker (107> M in DMSO-
ds, each) with DNA (2 mg mL ™" in D,0-d,) were carried out.?**

With the titration of DNA from 0 pL to 6.0 pL, the H,-Hy
proton resonances of CBTZ-yne shifted up-field by
0.07-0.10 ppm, in part due to the interplay of m-m stacking
which increased charge density easily overlapped with the
hydrogen orbital to weaken its vibration, reflecting that CBTZ-
yne inserted into the groove of the DNA. In contrast, when
CBTZ-acid was mixed with DNA in D,0-d, (0 pL to 6.0 pL), its
protons H,-Hj, showed weak up-field shifts only from 0 to
0.02 ppm (Fig. 2b). The above results provided insights into the
stronger binding affinity of CBTZ-yne for DNA compared with
those of CBTZ-acid, in line with the results of the enhanced
fluorescence intensity.

In addition, the binding affinity of the tracker and DNA was
further studied by CD spectroscopy.*® As shown in Fig. 2c, the
characteristic CD signals of DNA with a strong positive band at
ca. 275 nm due to the base pair stacking and a negative band at
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ca. 236 nm indicated the right-handed helicity of DNA.** With
increasing concentrations of the tracker, the Cotton effect
signal at 245 nm and 275 nm was retained. And, the induced CD
signals centered at 585 nm (positive) and 530 nm (negative)
gradually appeared upon the addition of CBTZ-yne, which was
aligned with the absorption maximum (Fig. 2¢), while those of
CBTZ-acid were not.*> These measurements were suggestive of
a chiral helical structure for the CBTZ-yne with DNA, where the
handedness was induced by chiral DNA, which further sup-
ported the proposed binding affinity of CBTZ-yne upon inter-
action with DNA. By contrast, the induced CD signals of CBTZ-
acid were not observed upon the introduction of DNA (Fig. 2d).

Besides, the density functional theory (DFT) method was
used to evaluate the electrostatic potential of the tracker
(Fig. S15t).** The electrostatic potential of the entire molecule of
CBTZ-yne was positive, while the electrostatic potential of the
carboxyl group of CBTZ-acid was negative. These findings sug-
gested that the weak binding affinity of CBTZ-acid might be due
to the negative electrical properties of the carboxyl group, which
was further verified by the docking calculation. As shown in
Fig. 2e and Table S1f, CBTZ-acid with the carboxyl group was
significantly acidic, showing a negative charge, which would not
help interact with DNA bearing anionic charge on the surface.
Note that, CBTZ-yne could bind with DNA through H-bond and
7---S interaction.

Co-localization and fluorescence lifetime imaging

Given the prospective extracellular results, the suitability of
CBTZ-yne for fluorescence imaging at the cellular level was then
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HCl buffer (pH 7.4) in the presence of increasing concentrations of trackers; (e) molecular modeling calculations based on CBTZ-yne and DNA

(PDB code 5JU4).

3952 | Chem. Sci, 2024, 15, 3949-3956

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06342a

Open Access Article. Published on 31 January 2024. Downloaded on 1/14/2026 5:26:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

evaluated using various cell lines including HepG2 (human
hepatocellular carcinoma cells), HeLa (human cervical cancer
cells), A293T (human renal epithelial cells)) and HUVEC
(human umbilical vein endothelial cells). Confocal fluorescence
microscope images in Fig. S167 showed punctate green fluo-
rescence (Ae: 405 nm) and irregular red fluorescence (Aex: 561
nm) scattered in the cytoplasm within 20 min of incubation
with CBTZ-acid. By contrast, the four types of cells incubated
with CBTZ-yne exhibited punctate green fluorescence (Aex: 405
nm) scattered in the cytoplasm as well as red fluorescence
signal (Ae: 561 nm) lighting up the nucleus that might be
associated with the binding of CBTZ-yne with DNA, which was
also suggestive of the good nuclear membrane permeability of
CBTZ-yne (Fig. S177).*

Tracker staining lipid droplets and nucleus was examined
with colocalization assays in live cells (taking HepG2 cells as an
example) using commercial dyes BODIPY and DAPI. As can be
seen from Fig. S18a,7 the green fluorescence of CBTZ-acid
occurred mainly in the lipid droplets, as confirmed by excellent
overlap (highly matched fluorescence curve in Fig. S18bt) with
the lipid droplet-specific marker, BODIPY. However, the red
fluorescence response of CBTZ-acid occurred in the cytoplasm
without overlapping with DAPI (Fig. S16¢c and df). Therefore,
these results suggest that CBTZ-acid was only selective for lipid
droplets, not the nucleus. Importantly, the green fluorescence
of CBTZ-yne coincided almost exactly with the red fluorescence
associated with BODIPY, as well as the NIR fluorescence of
CBTZ-yne was consistent with the blue fluorescence of DAPI
(Fig. 3a and b), indicating that CBTZ-yne could visualize the
lipid droplets and nucleus by two-color fluorescence imaging. It
was noted that the avoidable fluorescence spectral crosstalk of

a) _ ~120 — CBTZyne
o 3 — DAPI
< A
(=) > 90
@ £ 60
3 E
N = 30
2 T
S0 20 40 60 80
Distance (microns)
b) > A:’ZD — BODIPY
3 3 — CBTZ-yne
8 £.240
2
160
2 3
d £ g
N |
o w
o o

0

5 10 15 20 25
Distance (microns)

)

Es T ciens™ 2-396 ns

7,,.=1.541 ns

®

Counts (x 10%)

o

Fig. 3 (a and b) Fl of HepG2 cells stained with (a) CBTZ-yne (10 uM)
and DAPI (1 uM); (b) CBTZ-yne (10 uM) and BODIPY (1 uM) (Aey/em = 561
nm/660 + 20 nm for CBTZ-yne, Aex/em = 405 Nnm/430 + 20 nm for
DAPI, Aex/em = 405 nm/480 + 10 nm for CBTZ-yne, Aey/em = 488 nm/
510 + 10 nm for BODIPY); (c) 3D images of HepG2 cells after incu-
bation with CBTZ-yne (10 pM) (green channel: Aex/em = 405 nm/500 +
10 nm, red channel: Aex/em = 561 Nm/660 + 10 nm); (d) FI and FLI of
HepG2 cells after incubation with CBTZ-yne (10 uM). Scale bar: 20 uM.
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the green and red dual-channel emission (A1 = ca. 160 nm)
provided conditions for the three-dimensional (3D) imaging of
lipid droplets and the nucleus by CBTZ-yne (Fig. 3c).

In accordance, fluorescence lifetime imaging microscopy
(FLIM) analysis of CBTZ-yne showed a short lifetime (tayy =
1.541 ns) in the region of lipid droplets with a cyan pseudo-color
and a long lifetime in the region of the nucleus with a golden
pseudo-color (1,5 = 2.396 ns), respectively, under the same
scale bar of lifetime (Fig. 3d). These observations showed that
CBTZ-yne could image lipid droplets and the nucleus through
dual-channel CLSM and FLIM, which provided a multi-func-
tional luminescence tool for visualizing the behavior activity of
cancer cells.

Visualizing different periods of mitosis in cancer cells

Of note, according to the observation shown in Fig. 3d with
white arrows, CBTZ-yne imaged chromosome in the metaphase
during mitosis, as well as the fluorescence signals from the
green channel occurred in lipid droplets. This potential appli-
cation made it a preferred candidate as a multi-functional
tracker for real-time visualization of chromosomes and lipid
droplets in different periods of mitosis of live cells. As shown in
the higher resolution micrographs of single cells, when asyn-
chronous cells were imaged, CBTZ-yne stained chromosomes in
the red-channel and lipid droplets in the green-channel as cells
progress through the cell cycle, and fluorescence images in
living cells undergoing prophase, metaphase, anaphase, and
telophase can be obtained and displayed in Fig. 4a (Fig. S197).
Moreover, the fluorescence lifetime of CBTZ-yne in cells was
examined by FLIM analysis, and shown as pseudo-color at the
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Fig. 4 (a) The confocal fluorescence images for lipid droplets and the
nucleus in HepG2 cells incubated in CBTZ-yne (10 uM) at different
mitosis periods; (b) the fluorescence lifetime imaging for lipid droplets
and the nucleus in HepG2 cells incubated in CBTZ-yne (10 pM); (c) the
fitted average fluorescence lifetime curves of different regions (I and II)

in HepG2 cells of (b). Scale bar: 20 pM.
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Fig. 5

(@) The intracellular ROS generation of CBTZ-yne under irradiation with LDE light; (b) qualitative representation of y-H2AX foci formation;

(c) histograms of fluorescence intensity quantification for (a) and (b); (d) the fluorescence lifetime of CBTZ-yne in lipid droplets and the nucleus in
HepG2 cells during mitosis under the influence of ROS by FLIM; (e) quantitative plot of fluorescence lifetime of (d). Scale bar: 20 pM.

same scale bar of lifetime. As indicated in Fig. 4b (Fig. S197), the
average lifetime distributed in the nucleus was 2.4-2.6 ns,
represented by a golden pseudo-color, in line with the fluores-
cence lifetime of CBTZ-yne binding with DNA. By contrast, the
fitted lifetime of lipid droplets was 1.7-1.8 ns represented by the
cyan pseudo-color of II-region, which was matched with CBTZ-
yne in low polarity (Fig. 4c and S19t). These results indicate that
CBTZ-yne could be used to observe mitosis processes of the
asynchronous cells by CLSM and FLIM.

Feasibility of damage to DNA in the nucleus induced by photo-
generation ROS of CBTZ-yne

The higher steady-state levels of ROS played pivotal roles in the
effect on metabolic activity in cancer cells because of the
increased oxidative stress. Before the investigation of self-
monitoring the damage to DNA in the nucleus induced by
ROS, the abilities of photo-generation ROS by CBTZ-yne were
evaluated via UV-vis absorption and fluorescence spectra as well
as electron paramagnetic resonance (EPR) spectra with the
commercial indicators including 2’,7-dichlorodihydro-
fluorescein diacetate (DCFH-DA) for ROS, 9,10-anthracenediyl
bis(methylene)dimalonic acid (ABDA) for 'O,, dihydrorhod-
amine 123 (DHR 123) for O, ™, 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) for O, ".*>*¢ Firstly, with the continuous illumination
of LED light, the fluorescence intensity of DCFH-DA increased
rapidly within 35 s in the presence of CBTZ-yne (Fig. S207),
showing superior ROS generation of CBTZ-yne. Secondly,
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compared with the rose bengal (RB) group (commercial
photosensitizer), the absorbance spectra in Fig. S211 showed
that the absorption of ABDA was basically unchanged in CBTZ-
yne aqueous solution with the irradiation of LED light for 80 s,
indicating that the type of ROS generated by CBTZ-yne was not
'0, (type I ROS). However, as shown in Fig. S22, with the
continuous illumination of LED light, the fluorescence intensity
of DHR 123 increased more rapidly within 50 s in the presence
of CBTZ-yne than that of CBTZ-acid, showing superior O, "
generation of CBTZ-yne. Meanwhile, the ESR signal of O, " with
DMPO in CBTZ-yne (red line) was detected in EPR spectra
(Fig. S23t), indicative of the generation of type I ROS (O, ) of
CBTZ-yne.

Meanwhile, the ROS production ability was evaluated in
HepG2 cells incubated with CBTZ-yne (10 pM) and DCFH-DA
(2 uM). As displayed in Fig. 5a, under LED-light irradiation,
the green fluorescence signal of DCFH-DA within the cells
gradually increased, indicating photo-generation ROS of
CBTZ-yne at the cellular levels. After that, the photodynamic
cell suppression efficiency of CBTZ-yne and CBTZ-acid was
tested through MTT (3-(4,5-dimethylthiazol-2-y1)-2,5-diphe-
nyltetrazolium bromide) assay. In the dark, CBTZ-yne and
CBTZ-acid showed negligible -cytotoxicity and optimal
biocompatibility (Fig. S24at). When the cells incubated by
using CBTZ-yne and CBTZ-acid were irradiated with an LED
lamp, the cell survival rate decreased to varying degrees. The
phototoxicity of CBTZ-yne was significantly better than that of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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CBTZ-acid at the same dose (Fig. S24b¥). Benefiting from the
oxidizability of ROS to biological macromolecules, the feasi-
bility of damage to DNA in the nucleus of CBTZ-yne was
verified using the commercial dye (y-H2AX) immunofluores-
cence with the DAPI marker under irradiation of LED light
from 0 s to 120 s.*” As indicated in Fig. 5b, when the HepG2
cells were treated with CBTZ-yne, DAPI, and y-H2AX without
irradiation, the confocal fluorescence image only showed the
blue fluorescence of DAPI. However, the red fluorescence of
phosphorylated H2AX Ser139 products in HepG2 cells was
gradually observed as the irradiation time increased, sugges-
tive of DNA damage after photogenerated ROS. At the same
time, Fig. 5c showed the quantification of the fluorescence
intensity of DCFH-DA and y-H2AX in Fig. 5a and b under
illumination from 0 s to 120 s.

Tracking oxidative stress during mitosis via FLIM

Given that ROS can damage lipid droplets and DNA to cause
oxidative stress in cells, the effect of ROS on mitosis processes
in asynchronous cells was further investigated through the
analysis of the fluorescence lifetime of CBTZ-yne in lipid
droplets and the nucleus via FLIM. As can be seen from Fig. 5d
and S25,1 when HepG2 cells were in different mitotic phases
(prophase, metaphase, anaphase, and telophase) under dark
conditions, the fitted fluorescence lifetime in lipid droplets and
the nucleus was in accordance with the findings in Fig. 4.
Nevertheless, the fluorescence lifetime showed changes with
different degrees in the different periods of asynchronous cells
under irradiation. In detail, while the average fluorescence
lifetime (tavy) of CBTZ-yne in the prophase and metaphase of
HepG2 cells was 2.53 ns, 2.65 ns, respectively, the values of 7,4
notably dropped by 0.30-0.75 ns due to the different DNA
damage inducers by the production of photoexcited ROS. By
contrast, the 7, of the anaphase and telophase of HepG2 cells
retained 2.70 ns, 2.55 ns, respectively, suggesting that the effect
of ROS on DNA damage was more obvious in the prophase and
metaphase of cellular mitosis. To further reveal the mechanism,
ROS-induced damage of different-concentration DNA under
light was assessed by observing the change in the fluorescence
lifetime of CBTZ-yne with different content (30 pL, 300 pL, 500
uL) of DNA (aqueous solution, 2 mg mL™") via ultrafast time-
resolved fluorescence spectroscopy. As shown in Fig. S26,1 the
fluorescence lifetime of CBTZ-yne binding with high-
concentration DNA (300 uL or 500 pL, 2 mg mL™") decreased
more obviously than that with low-concentration DNA (30 pL, 2
mg mL ") with the increasing time of illumination. The above
results SHOWED that (1) DNA of different concentrations
affected by photo-generated ROS different, (2) the condensed
degree of DNA in the prophase and metaphase might be higher
than that in the anaphase and telophase. At the same time, the
fluorescence lifetime of the lipid droplets was unchanged
significantly in each period, indicative of no effect on the
activities of lipid droplets (Fig. 5e). In a word, CBTZ-yne would
be used as a tracker for visualizing the effects induced by ROS
on lipid droplets and chromosomes during asynchronous cell
mitosis according to the subtle change of fluorescence lifetime.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Conclusions

In summary, based on substituent engineering, the coumarin
derivative (CBTZ-yne) was precisely modulated for anchoring
the lipid droplets and nucleus. Mechanically, the LE process in
low-polarity environments and the limited intramolecular
rotation after binding to DNA resulted in CBTZ-yne showcasing
the more significant “weak-strong” fluorescence and “short-
long” fluorescence-lifetime response in the two subcellular
organelles. Benefiting from self-generated ROS under light, the
tailored CBTZ-yne first reported pathological oxidative stress
during the entire process of asynchronous cell mitosis via FLIM,
which also represented a new paradigm for exploring cellular
malignant proliferation to deal with the problem of cancer
treatment.
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