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ty and Ins
A B S T R A C T

Herewe propose a fluorescent sensor, Chroma-V, consisted of a Hoechst ligand (Hoe) to target chromatin
DNA and a BODIPY rotor (BDP) to sense the local viscosity that reflects chromatin condensation state.
Within Chroma-V, efficient FRET process from Hoe to BDP facilitated a single-excitation ratiometric
imaging of nucleus DNAunderfluorescence confocalmicroscope, which utilized the ratio of two channels
to enable an intuitive visualization of chromatin condensation state. And fluorescence lifetime imaging
(FLIM) based on fluorescent signal from BDP proved to be a more accurate method to quantify the
changes of chromatin condensation state under different epigenetic states, including histone acetylation
regulated by deacetylase inhibitors, cell apoptosis induced by DNA-bining drugs, and the epithelial-
mesenchymal transition of HUVEC cells induced by TGF-β.
© 2021 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Epigenetics represents molecular mechanisms causing changes
in gene expression independent of DNA sequence, the key of which
is the regulation of the reversible chromatin rearrangement [1,2].
In nucleus, chromatin presents as “beads-on-string” form, with
nucleosomes formed bywrapping DNA around histones as the first
subunit [3]. The tightness of packing between nucleosomes, or the
condensation level of chromatin, is variable along lifespan of cells,
and is closely related to gene regulation [2]. Modifications of
histones and DNA through methylation, citrullination, acetylation
or phosphorylation can mediate condensation level of chromatin
[3,4]. For example, addition of an acetyl group on lysine of histones
N-terminal tail will limit nucleosomes packing, and thus, turn
chromatin loose and open for transcription [5,6]. Such rearrange-
ment of chromatin has been found to be the reason of numerous
diseases, including the maintenance of drug addiction [7], type 2
diabetes [8], stem cell aging [9], several heart diseases [10], liver
health [11] and neuronal tissues regeneration [12]. Meanwhile,
such epigenetic modifications have been proposed as early
biomarkers for potential diagnosis of lung cancer [13,14].
Therefore, how to quantitatively characterize such tightness
within chromatin of live cells is an attractive and important
topic in epigenetics. Nowadays, although the morphology of
chromatin can be visualized through fluorescence microscope or
electronic microscope [15–19], it remains a big challenge to detect
titute of Materia Medica, Chinese
micro-environment factors of chromatin at different epigenetic
states [20].

Since the tightness of chromosome packing directly affects the
mobility/viscosity within chromatin, it is reasonable to use local
viscosity as an indicator of the chromatin condensation level
[21–24]. The higher viscosity in chromatin, the higher the
condensation level is. Then, the key question turns into how to
monitor the changes of viscosity of chromatin in live cells. In this
context, some attempts on chromatin viscosity measurement have
been carried out through applying DNA-binding fluorescent dyes,
e.g., Hoechst 33342 and EGFP [25] in combination with various
techniques [21–23,25–29]. From the aspect of viscosity sensor, the
reliability and universality are two features for sensing chromatin
viscosity [30–32]. Actually, the conventional DNA-binding dyes
represented by Hoechst 33342 should not be classified as viscosity
sensors, in the strict sense. Although they indeed possess viscosity
responsiveness, their fluorescence properties (brightness, wave-
length, lifetime and etc.) are also highly dependent on other
factors, such as the balance of binding and unbinding with DNA,
polarity, pH. It is likely that, under certain conditions, the
fluorescence signals of these dyes might not reflect the viscosity
specifically.

The aim of this work is to develop a reliable sensor specific
toward chromatin viscosity, as a practical tool to assess chromatin
condensation state for epigenetic research and diagnosis. Ideally,
this molecular sensor should meet two requirements. Firstly, it
must have high nucleus DNA targeting ability that helps to avoid
background signals from non-chromatin areas. Secondly, it must
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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respond to viscosity sensitively and exclusively, without being
interfered by other environmental factors. Therefore, we decide to
design an integrated molecule that simultaneously maintains
above two individual functions without collision. We adopt a
Hoechst ligand as the DNA-binding moiety because of its high
affinity [33–40]. But instead of using this Hoechst moiety for
viscosity sensing, we introduce a BODIPY-based molecular rotor as
the viscosity reporter. The advantage of BODIPY rotor over other
common viscosity-sensitive dyes lies in that its fluorescence
properties are sensitive only to viscosity, without any influence by
pH and polarity [30–32,41–45]. The intramolecular FRET from
Hoechst to BODIPY will provide a method of ratiometric imaging
for quantitatively indicating of viscosity changes of chromatin.
More importantly, the fluorescence lifetime of BODIPY can
accurately quantify the local viscosity by FLIM imaging.

Herein, a molecular sensor, named as Chroma-V, is synthesized
by conjugating the Hoechst ligand (Hoe) and BODIPY rotor (BDP)
through a “click reaction” (Fig. 1 and Scheme S1 in Supporting
information). Hoe functions as a targeting ligand and fluorescent
marker of DNA. BDP functions as a reporter of chromatin
condensation state. Meanwhile, according to our former study
on FRET system [46], we infer that this fluorophore dyad should
have high intramolecular energy transfer efficiency (ETE) due to a
good match of the emission of Hoe and the absorption of BDP.
Therefore, Chroma-V may be recommendable for the two-channel
ratiometric fluorescence imaging of nucleus DNA through a single
excitation. In low-viscosity environment, the BODIPY rotor shows
low fluorescence and short fluorescence lifetime due to the free
rotation of phenyl group in the excitation state; whereas in high-
viscosity, the rotor shows high fluorescence and long fluorescence
lifetime due to the restriction of rotation. In eukaryotic nucleus,
DNA wraps around histones to form nucleosome as the first
subunit of chromatin [5], whichmeans the Hoechst ligand actually
locates on nucleosomes, specifically on the A-T rich small groove of
the 70% accessible surface of nucleosomal DNA [47]. Therefore, as
chromatin condensation state changes, the level of restriction on
the rotation in BDP by nucleosomes packing changes accordingly.
Taking into account the above considerations, we expect that
Chroma-V is capable of indicating the chromatin condensation
state in twoways: the fluorescence ratio between BDP andHoe and
the fluorescence lifetime of BDP.

In order to assess the sensitivity of Chroma-V towards
restriction factors on the rotation of BDP, we first studied its
photo-physical properties in solution. Classic viscosity system,
water/glycerol, is used to imitate local restriction on BDP. We first
treated the DNAwith 2mmol/L of Chroma-V for 60min inmixtures
of water and glycerol with gradient increase of the glycerol
proportion. Details can be found in Supporting information.
Chroma-V displays two emission peaks upon single excitation at
[(Fig._1)TD$FIG]

Fig. 1. (a) The structure of Chroma-V. (b) When binding to loose chromatin, Hoe
shows intense fluorescence, while BDP shows weak fluorescence and short
fluorescence lifetime; when binding to tight chromatin, both Hoe and BDP shows
intense fluorescence, and BDP shows longer fluorescence lifetime.
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350 nm. As the restriction (glycerol proportion) increased, the
fluorescence maximum of Hoe displays small extent of increase,
while the fluorescence maximum of BDP displays significant
increase (logarithmic trend). Thus the ratio between two fluores-
cence maximum (R515/410) exhibits logarithmic increase against
viscosity (Figs. 2a and b), which can be used as the standard curve
for measuring viscosity in a same testing condition. As we infer,
this fluorophore dyad shows ETE ranging from 94% to 97% against
the viscosity from 14 cp to 409 cp, respectively, which demon-
strates a weak dependency of ETE on viscosity. This result is in
favor of ratiometric imaging of viscosity with single excitation
wavelength. On the other hand, the fluorescence lifetime of BDP
moiety also exhibits logarithmic increase against viscosity (Figs. 2c
and d, Table S1 in Supporting information), which can be used as
universal standard curve for quantifying viscosity. These trends are
in accordance with former reports on BODIPY rotor [30,41,45].
Therefore, both the fluorescence ratio (R515/410) and the fluores-
cence lifetime can indicate the viscosity of microenvironment, as
both of them are independent of concentration of probe. Compared
to fluorescence ratio, fluorescence lifetime is an absolute
quantitative way to reflect environment factors, which is
independent of the devices used to measure it. Therefore, we
use fluorescence lifetime for quantitative study of viscosity and use
fluorescence ratio for qualitative study of viscosity. In addition,
BDP part in Chroma-V is not sensitive to environmental polarity
according to fluorescence spectra study (Fig. S1 in Supporting
information) and literatures [30,32]. These results show that
Chroma-V is sensitive towards environmental viscosity or restric-
tion factors on the rotation, which can be used for sensing of
chromatin condensation state.

We then tested if Chroma-V could target nucleus DNA and
report condensation level of chromatin in living cells. We first
stained HeLa, MCF7, A549 and HUVEC cells with Chroma-V and
then imaged on confocal fluorescence microscope. Chroma-V
shows high DNA-specific localization in all these cell lines (Fig. 3
and Fig. S2 in Supporting information). As shown in Fig. 3, Chroma-
V is able to target nucleus DNA in living cells at different stages of
cell cycle, which indicates targeting ability is not affected by
chromatin state. Specifically, cells in Figs. 3c–f should be in
prophase, metaphase, metaphase and anaphase, respectively,
according to the shape of chromatin. We further incubated stained
HeLa cells with Chroma-V for additional 24 h or 48 h. Fluorescence
images (Figs. S4 and S5 in Supporting information) displays clear
Fig. 2. (a) Changes of fluorescence spectra, and (b) fluorescence ratio (R515/410) of
Chroma-V with gradient increase of viscosity; (c and d) changes of fluorescence
lifetime of Chroma-V with gradient increase of viscosity.
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Fig. 3. HeLa cells at different stages of cell cycle stainedwith Chroma-V. Confocal fluorescence images excited at 405 nm: (a–f) Hoe channel (420–490 nm), (g–l) BDP channel
(510–560 nm) and (m–r) fluorescence ratio images (RBDP/Hoe). And (s–x) fluorescence lifetime images, excited with 800 nm two-photon femtosecond laser and imaged
through BDP channel (511–599 nm).
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nucleus DNA at different stages of cell cycle at both time points,
which demonstrates the ability of Chroma-V to track nucleus DNA
for at least 48 h (up to three cell cycles). Moreover, Chroma-V also
targets nucleus DNA even in apoptosis cells (Figs. 4d and e), which
will be described in detail later. MTT test shows 87% cells viability
and cells maintain normal cell cycles 48 h post staining, both of
which indicate low toxicity of Chroma-V (Fig. S3 in Supporting
information). These results prove that Chroma-V could target
nucleus DNA specifically and stably.

We further collected fluorescence ratio images and fluores-
cence lifetime images of the sameHeLa cells shown in Fig. 3. Due to
efficient FRET, single excitation with 405 nm laser generates two
emission ranges in the Hoe channel and the BDP channel that
[(Fig._4)TD$FIG]

Fig. 4. Histones or DNAmodifications studies with Chroma-V: (a–e) Fluorescence ratio im
and g) none, (b and h) TSA, (c and i) [25_TD$DIFF]VA, (d and j) Etoposide and (e and k) Cisplat
(**, 0.001< P< 0.01; ***, P< 0.001; t test, double-tailed). Scale bar = 10 nm.
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further produces the ratio images (RBDP/Hoe). As shown in Figs. 3m–

r and s–x, cells show fluorescence ratios ranging from1.7 to 2.3 and
fluorescence lifetime ranging from 2.9 ns to 3.2 ns (170–360 cp)
under standard culture condition. When chromatin condensed
into chromosome (M phase), as shown in Figs. 3o–r and u–x, cells
show fluorescence ratio ranging from 1.7 to 2.3 and fluorescence
lifetime close to 3.2 ns (�360 cp). Representative fluorescence
lifetime fitting decays and distribution histograms are shown in
Fig. S6 (Supporting information). According to photophysical
properties, Chroma-V displays high fluorescence intensity in
BDP channel and long fluorescence lifetime against high viscosity.
During mitosis, chromatins are highly condensed, and supposed to
perform strong restriction on BDP rotor. As shown in Figs. 3m and s,
ages (RBDP/Hoe) and (g–k) fluorescence lifetime images of HeLa cells treated with (a
in; (f) average fluorescence ratio in a-e; (l) average fluorescence lifetime in g-k.
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both fluorescence ratio and lifetime images show slight cell-to-cell
variations, probably due to differences in chromatin condensation
state at different stage of cell cycles. In addition, there are also
intranuclear variation, probably due to the distribution of
heterochromatin and euchromatin in cells. Thus, we ascribe the
differences in fluorescence ratio (RBDP/Hoe) and fluorescence
lifetime to the differences of packing affinity between nucleo-
somes. Although, fluorescence ratio imaging provides opportunity
for quantitative detection, the ratio highly depends on the device
that generates the data. Unless the standard curve of detected
factor against the ratio value is determined with the same device
keeping the identical parameters, it is not usable for quantitative
calibration. Meanwhile, other processes, such as PET, could affect/
interferefluorescence signal. As shown in Fig. 3, the ratio in Figs. 3q
and r is slightly smaller than that in Figs. 3o and p. We infer that
PET process from Hoe to BDP in highly compacted chromatin
affects the fluorescence intensity of BDP, which further affects the
ratio. By contrast, FLIM imaging is a quantitative detectionmethod
independent of devices, because fluorescence lifetime is a
molecular property generally independent of fluorophore concen-
tration, laser intensity, instrument parameters, or photobleaching
[48]. Therefore, in this paper, we utilize FLIM imaging for
quantitative detection of condensation level of chromatin, while
use ratiometric imaging for visual observation and complementary
evaluation.

We finally applied Chroma-V to monitor changes of chromatin
condensation state in living cells during epigenetic modifications
under various stimulations. In epigenetics, modifications of
histones or DNA will affect packing affinity between nucleosomes
due to alteration of electrostatic attraction or steric hindrance. To
regulate histones modifications, HeLa cells were treated with two
histone deacetylase inhibitors (TSA and valproic acid (VA)); also, to
interrupt DNA functions without sequence alternation, HeLa cells
are incubated with two clinical antitumor drugs (Cisplatin and
Etoposide). These drug-stimulated cells were stained with
Chroma-V, and were evaluated through fluorescence ratio imaging
and fluorescence lifetime imaging. As shown in Figs. 4a–f, Hela
cells treated with TSA, VA, Cisplatin (CP), and Etoposide (ET), all
show lower fluorescence ratio than the untreated ones, which
indicates a decrease of condensation level of chromatin. Accord-
ingly, cells show shorter fluorescence lifetime than untreated cells
(Figs. 4g–l). These lifetimes can correspond the condensation level
of chromatin to viscosity quantitatively. As histone deacetylase
[(Fig._5)TD$FIG]

Fig. 5. Epithelial-mesenchymal transition study with Chroma-V: (a–c) Fluorescence rat
with (a and e) none, (b an f) TGF-β for 48 h and (c and g) 96 h; (d) average fluorescence ra
0.001; t test, double-tailed). Scale bar = 10 nm.
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inhibitors, TSA and VA selectively inhibit histone deacetylase
(HDAC) to interfering with the removal of acetyl groups from N-
terminal tail of H2B histone, which will reduce the net positive
charge of N-terminal tail of H2B histone and further inhibit the
side-by-side packing between two nucleosomes [4,5]. Thus,
compared the long fluorescence lifetime of 3.2 ns (and corre-
sponding higher chromatin viscosity of �360 cp), the drug-
stimulated cells display much shorter fluorescence lifetime of
2.25� 0.03 ns (low viscosity of �27 cp) and 2.39� 0.04 ns (low
viscosity of �43 cp) for TSA and VA groups respectively. For
etoposide, it generally inhibits DNA topoisomerase by complexed
with enzyme and DNA. In Etoposide group, Chroma-V indicates a
decrease of condensation level of chromatin as the fluorescence
lifetime decreases to 2.33� 0.05 ns (low viscosity of �32 cp)
post treatment by Etoposide. We infer that the formation of
Etoposide-enzyme-DNA complex would interfere the formation of
nucleosomes or the interaction between nucleosomes due to steric
hindrance. As for Cisplatin group, treated cells also exhibit shorter
fluorescence lifetime of 2.37� 0.08 ns (low viscosity of �41 cp),
which indicates low condensation level of chromatin. Similar with
Etoposide, cisplatin can bind to nucleophilic groups in DNA,
inducing intrastrand and interstrand DNA cross-links at GC-rich
sites. These site-specific cross-links will set steric hindrance
against the formation of nucleosomes, which will decrease the
viscosity. Representative fluorescence lifetime fitting decays and
distribution histograms are shown in Fig. S7 (Supporting
information). The above results demonstrate that Chroma-V can
quantify condensation level of chromatin through fluorescence
lifetime imaging, and indicate the effect of these drugs on
chromatin in living cells.

Besides histones or DNA modifications, cell transitions as
another important type of epigenetic processes should also
generate or accompany the variation of chromatin condensation
state. To further confirm the applicability of Chroma-V, it is applied
in the study of epithelial-mesenchymal transition (EMT) of HUVEC
cells stimulatedwith TGF-β (transforming growth factor-β) [49]. As
an extracellular signal TGF-β will active one conserved class of
transcription factors, called “the Smads” that affect gene expres-
sion and further induce long-term changes in cell function. As
shown in Fig. 5, cells treated with TGF-β for 48 h and 94 h show
higher fluorescence ratio of 1.31�0.16 and 3.98� 0.34 respectively
than control group of 1.11�0.14, which indicates an increase of
condensation level of chromatin. Correspondingly, cells show
io images (RBDP/Hoe) and (e–g) fluorescence lifetime images of HUVES cells treated
tio in a–c; (h) average fluorescence lifetime in e–g. (n.s., P> 0.05; *, P< 0.05; ***, P<
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significant increase in fluorescence lifetime from 2.84� 0.07 ns
(control group) to 3.02� 0.14 ns (48 h group) and 3.12� 0.06 ns
(96 h group), whichmeans an increase in chromatin viscosity from
150 cp to 240 cp and 300 cp. Representative fluorescence lifetime
fitting decays and distribution histograms are shown in Fig. S8
(Supporting information). As former studies revealed that
chromatin underwent significant remodeling in EMT, which is a
multi-regulation, including DNA methylation, histone acetylation
and histone methylation [50]. According to our results, the EMT
results in higher degree of chromatin condensation, which, to our
knowledge, has not been demonstrated through fluorescence
imaging previously. The results further demonstrate that TGF-β
induces a molecular pathway that turned chromatin from “loose”
conformation into “tight” conformation as the cell transition
proceeds. The above results demonstrate that Chroma-V is a
potential sensor to report condensation level of chromatin during
epigenetic transformation.

In summary, we aim to develop a method for quantitative
evaluation of chromatin condensation level in epigenetic processes
of living cells. Our idea is to utilize the local viscosity as the
indicator of chromatin condensation state. To realize this idea, we
design a DNA targetable viscosity fluorescent probe, Chroma-V, by
conjugating a Hoechst ligand to a BODIPY rotor. The Hoe part
enables the chromatin targeting by binding to DNA. The sensitivity
of BDP’s fluorescence lifetime to viscosity enables the accurate
quantification of chromatin condensation state through fluores-
cence lifetime imaging. Also importantly, the intramolecular FRET
from Hoe to BDP part facilitates the single-excitation two-channel
ratiometric imaging of nucleus DNA and quantitatively sensing of
chromatin condensation state. Firstly, fluorescence imaging test
shows that Chroma-V is able to target nucleus DNA of diverse cell
lines specifically and exhibit morphology changes of chromatin in
different stages of cell cycle. Further, fluorescence lifetime imaging
displays the changes of chromatin condensation state during
epigenetics changes of HeLa cells by drugs stimulation, including
histone acetylation induced by HDAC inhibitors, cell apoptosis
induced by chemotherapy drugs. Lastly, we induced epithelial-
mesenchymal transition of HUVEC by stimulating with TGF-β. By
using Chroma-V, we, for the first time, quantitatively monitor an
increase of condensation level of chromatin during this type of cell
transitions through fluorescence lifetime imaging, which may
indicate a decrease of gene activity in the resulting cells.
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