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Recently, hydrogen-bonding has attracted extensive attention in the design of chromophores. Here, a
new class of hydrogen-bond locked purine chromophores (HOPs) were reported by introducing a hy-
droxyphenyl group into the C(6) position of purine. The intramolecular hydrogen bond plays a dominant
role to light up these probes. As a bonus, HOPs show high photostability. Moreover, HOPs exhibit remark-
able capability for the specific lipid droplets imaging in living cells with excellent biocompatibility and
are also potential for diagnosing fatty liver diseases. These results bring important new insights into the
photophysics of the purine-based chromophores and provide a new scaffold with high photostability for

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogen bond (HB) is extensively adopted by nature to imple-
ment some biological dynamic processes, such as proton transfer
(PT) concomitant charge transfer (CT) in proteins and enzymes of
photosynthesis and respiration, which play crucial roles in organ-
isms [1-4]. HB dynamics, especially those occurring on electronic
excited states, could tune and regulate photophysical and pho-
tochemical properties of many photofunctional molecules [5-9].
Therefore, HB is widely applied in the design of chromophores
for biosensing and bioimaging. Green fluorescent protein (GFP)
is extensively used in life sciences and molecular biology as a
genetically encoded fluorescent tag [10]. However, natural protein-
free GFP analogues suffer from emission quenching by protic
solvent [11]. In recent years, some artificial GFP derivatives have
been reported by forming intramolecular hydrogen-bond based on
the excited-state intramolecular proton transfer (ESIPT) process
to enhance fluorescence emissions and realize remarkable red
shifts [12]. Furthermore, strengthening of intermolecular HB could
provide an extra stabilization to realize lower excitation energy,
which even makes the single benzene fluorophores display a
remarkable red emission [13]. Intermolecular HB formed between
chromophores and solvent molecules also affect fluorescence
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emissions, providing opportunities for bioimaging. For example,
the Xu group reported an intermolecular HB sensitive fluorogenic
probe for super-resolution imaging of lipid droplets (LDs). The
Naphthalimide-based chromophore can form intermolecular HBs
with protic media in cytochylema, resulting in low fluorescence
emission, while in LDs, it elicits bright fluorescence [14,15].

Similar to GFP chromophore, purine is a vital biological
molecule unit of DNA and RNA, which has been used as anti-
cancer, antiviral drugs, and receptor antagonists due to its
biological importance [16-18]. Besides its good biocompatibility,
the purine core structure has a large m-conjugated plane with
multiple functional modification sites, which makes it attractive
for designing fluorophores in biological imagining. In the previous
works, we have reported a family of purine-based chromophores
(Scheme 1, upper, left), which show good potential for the specific
imaging of organelles, such as lipid droplets, plasma membranes,
and endoplasmic reticulum [19-21]. However, the photostability
and quantum yields (®5) of these probes still need to be improved.
Inspired by reported excellent probes involving hydrogen bonding,
we set out to reconstruct purine-based chromophores using the
hydrogen bonding strategy and expected that these probes exhibit
improved fluorescence properties.

The structure of new purine-based chromophores was outlined
in Scheme 1. The introduction of a hydroxyphenyl into purine
was expected to form a six-membered ring through hydrogen
bonding, which can regulate the photophysical properties of these
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Scheme 1. Structure of the purine chromophores along with photographic images
of toluene solution samples taken under a 365 nm UV lamp.

chromophores [22]. Indeed, we found that these hydrogen-bond
locked purine chromophores have high @f in nonpolar media
or aggregation state [23,24] and show high photostability [25].
Moreover, HOPs exhibit remarkable capability for the specific lipid
droplets imaging in living cells with excellent biocompatibility and
are also potential for diagnosing fatty liver diseases.

A propyl group was first introduced into the purine skeleton
through NZ-alkylation, and then followed by Suzuki-Miyaura
cross-coupling reaction [26] afforded all the purine derivatives
(Scheme S1 in Supporting information). MOP-Ph in which the
hydroxyl group is replaced with methoxy group was prepared
to serve as the reference compound of HOP-Ph. HOP-NMe and
HOP-CN were further prepared to investigate the electronic effects
on fluorescence emissions. All the compounds were characterized
by 'H NMR, 3C NMR, and high-resolution mass spectrometry
(HRMS). The three HOPs probes were further confirmed by single
crystal X-ray diffraction analysis (Fig. 1 and Fig. S1 in Supporting
information). As shown in Fig. 1, the torsion angles of the phenol
ring with purine core are in a small range varied from 2.81° to
8.69°, implying that the purine-based probes have approximate
planar conformations. The distances of the hydroxyl proton and
N(1) increased with the electron-withdrawing ability. Namely, the
hydrogen bond with 1.823A of N-H distance in HOP-CN is the
weakest among them. The nearly planar conformations together
with N-H distances support the existence of a six-membered
ring intramolecular hydrogen bond. The proton of hydroxyl bonds

8.69°

1.803A L, 4.64°

HOP-Ph f

Fig. 1. Single-crystal structures of HOP-NMe, HOP-Ph and HOP-CN. Carbon, hydro-
gen, nitrogen, and oxygen atoms are shown in gray, blue, mauve, red, respectively.
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Fig. 2. (A) Normalized fluorescence spectra of HOP-Ph and HOP-NMe (5 pmol/L) in
aqueous media; (B) Normalized fluorescence intensities of HOP-Ph and HOP-NMe in
different solvents; (C) Average hydrodynamic size of HOP-Ph (10 pmol/L, in PBS con-
taining 1% DMSO) determined by DLS measurement; (D) Fluorescence decay curves
of HOP-Ph in EtOH, toluene, and H,O0.

selectively with N(1) rather than N(7) of the purine, which may
be ascribed to the lower energy of a six-membered ring compared
to a seven-membered ring.

The photophysical properties of HOP probes and the reference
compound MOP-Ph were investigated. As shown in Fig. S2 (Sup-
porting information), the four compounds display obvious absorp-
tion bands varied between 300 and 400 nm. Fluorescence emis-
sion spectra were measured in several solvents (Fig. 2A and Fig.
S3 in Supporting information). As expected, the reference com-
pound MOP-Ph is non-emissive, demonstrating the necessity of
intramolecular hydrogen bond to light up HOPs. HOP-CN bearing
an electron-withdraw CN group on the benzene ring is also non-
emissive. In stark contrast to MOP-Ph and HOP-CN, HOP-Ph and
HOP-NMe are emissive and show similar fluorescence properties.
Specifically, HOP-Ph and HOP-NMe elicit strong emissions peaked
around 530nm in nonpolar solvent like toluene and have weak
emissions in polar solvents including EtOH and THF. Giving the
neutral and non-polar lipid environment inside LDs, HOP-Ph and
HOP-NMe should be good candidates for LDs imaging. The fluo-
rescence intensity of HOP-Ph and HOP-NMe increase dramatically
with the increase of H,O or toluene with no obvious change of
emission-shift, when the ratio of H,O or toluene exceed 90% (Fig.
S4 in Supporting information). Although H,0 is a polar solvent,
the two compounds have similar fluorescence intensity with that
in toluene (Fig. 2B). Dynamic light scattering (DLS) data shows
that the two compounds exist with aggregate states (118-178 nm)
in water (Fig. 2C and Fig. S5 in Supporting information). Due to
the restriction of intramolecular motions (RIM) mechanism in the
aggregated state, the molecular conformation would be coplanar,
which is beneficial for forming intramolecular HB and promoting
radiative pathway [27,28].

Quantum yields and lifetime were further tested. The fluores-
cence quantum yields (@g) in solutions (THF, EtOH, toluene) and in
aggregations (H,0) are summarized in Table S1 (Supporting infor-
mation). The quantum yields of HOP-Ph, HOP-NMe in aqueous me-
dia and in toluene were relatively higher compared with those in
polar solvents, like THF and EtOH. In nonpolar solvent like toluene,
intramolecular HB is readily formed, which is beneficial to sup-
press non-radiative relaxation by locking the purine structure. In
aprotic polar solvents like EtOH, intramolecular HB was weakened
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Fig. 3. (A) Illustration of the paradigm to visualize the stability of starvation-induced, clustered LDs. (B) HepG2 cells were grown in CM or HBSS for the indicated times,
fixed, and analyzed by fluorescence microscopy. LDs were stained with HOP-Ph (5 pmol/L, green) for 25 min, mitochondria with Mitochondria Tracker Red (1 pmol/L, red)
for 15min. (C) Cells deprived of the indicated groups of nutrients for 12h were fixed, the distribution of LDs (green) and mitochondria (red) analyzed by fluorescence
microscopy. (D) The LDs area per cell quantified in (C). (E) The abundance of LDs was quantified during incubations in CM (Control) or HBSS in (B). Images were acquired
using 405 nm (green), and 543 nm (red), and emission windows of 500-600 nm (green), and 590-650 nm (red). Data in D and E are expressed as means + SEM. *P < 0.05;

**P < 0.01; ***P < 0.001; ****P < 0.0001.

by solvent molecules, therefore, weak emissions with low quan-
tum yields were observed [29,30]. HOP-Ph and HOP-NMe exhibited
weak emissions in THF, which might be ascribed to solute-solvent
electron transition [31-33].

Fluorescence lifetime (t) values of all the fluorophores are
listed in Table S2 (Supporting information). HOP-Ph and HOP-NMe
exhibited similar changes in average fluorescence lifetime towards
different solvents. Taking HOP-Ph as an example, HOP-Ph has a
shorter lifetime (0.23ns) in EtOH than in other solvents (1.90ns
in TL; 6.34ns in H,0), and the lifetime decreased linearly with the
increase of EtOH in toluene (Fig. 2D and Fig. S6 in Supporting in-
formation).

To further understand optical behavior, density functional the-
ory (DFT) calculations were carried out, and their molecular fron-
tier orbitals and detailed calculation results were summarized in
Figs. S7, S8 and Tables S3 and S4 (Supporting information). The
excited state calculation results revealed that electron densities of
HOMO for HOP-Ph are distributed on the phenolic hydroxyl group
and the central purine core, while in the LUMO, they are dis-
tributed on the benzene ring as well as the purine core. Electro-
static potential comparison between HOP-NMe, HOP-Ph, and HOP-
CN indicates that electron donor group can remarkably increase
the electron intensity of N(1) of purine core structures, mean-
ing stronger hydrogen bonding, which explains the significant en-
hancement in the fluorescence quantum yield of HOP-NMe.

Considering the hydrophobic characteristic of HOP probes and
lipophilic environment within LDs, we anticipated that the HB sen-
sitive HOP probes could be used for LDs-targeted imaging in apro-
tic environment. Cytotoxicity of HOP probes on HepG2 cells was
evaluated via CCK-8 assay before cell imaging, as shown in Fig.
S9 (Supporting information). To evaluate the specificity of these
HB locked purine-based probes towards LDs in live HepG2 cells,
a commercially available LD-imaging agent Nile Red was used to
costain with HepG2 cells (Fig. S10 in Supporting information). Pho-
tostability was an important factor for real-time imaging in living
cells, so we further measured the photostability of HOPs. As shown
in Fig. S11 (Supporting information), even after scanned 40 times,
no significant decreasing of fluorescence intensity was observed in

HOP-Ph. While the two commercial trackers were bleached com-
pletely, almost no fluorescence signal could be observed. Consider-
ing the Pearson correlation coefficient and photostability, HOP-Ph
was selected to monitor the numbers and morphological changes
of LDs under specific physiological conditions.

Throughout evolution, organisms have developed mechanisms
to monitor and respond to fluctuations in nutrient abundance
[34,35]. To get a better understanding of the dynamic changes
in cellular LDs during starvation, we further used HOP-Ph to
monitor the distribution and abundance of LDs in HepG2 cells
under starvation. HepG2 cells were firstly incubated in complete
serum containing rich medium (CM) and then transferred from
CM into hank’s balanced salt solution (HBSS). Finally, these cells
were stained with HOP-Ph and mitochondria-tracker-red (MTR)
(Fig. 3A). In contrast to CM, HBSS induced a rapid increasing
in LDs levels that reached a higher steady-state level after 12h.
Ultimately, HBSS resulted in a 2.4-fold increase in the number
of LDs compared to CM (Figs. 3B and E). We also observed the
increase of LDs numbers and appearance with clusters in several
human cell lines under HBSS starvation, such as HelLa and HL-
7702 (Fig. S12 in Supporting information), suggesting that this
phenomenon is a general cellular response to nutrient deprivation.
HBSS starvation conditions have low concentrations of glucose and
lack amino acids and serum. To understand the conclusive factors
of LDs biogenesis, we selectively decrease some special groups
of nutrients that are lacking in HBSS conditions. When HepG2
cells were incubated in media lacking serum or with low glucose,
there is a severe decrease in LDs compared with CM (Figs. 3C and
D). In contrast, incubation with media lacking glutamine, HepG2
cells increase the number of LDs, and this has a similar effect
with HBSS starvation. These results have been explained that the
generation of LDs during amino acid starvation is sufficient to
induce autophagy-dependent LDs biogenesis via FAs recycling and
avoiding the excess free FAs in cytoplasm to generate damaging
bioactive lipids which is harmful to cells [36,37].

As the impressive cell imaging results in live cells and taking
the advantage of the specificity of HOPs dyes, we investigated
their ability to reveal lipid-rich organelles in mouse fatty tissues
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Fig. 4. Fluorescence images of mice and dissected organs, and the BKS-DB mice
were intraperitoneally injected with HOP-NMe (5 pumol/L, 240 pL) for 1.5 h. (A) Flu-
orescence images of dissected organs. (B) Fluorescence images of WT and BKS-DB
mouse liver slice co-stained with HOP-NMe and Nile Red. (C) Quantification of the
relative mean fluorescence levels of normal and fatty liver tissues from the im-
ages of (B) with the green channel (HOP-NMe). Images were acquired using 405 nm
(green), and 543 nm (red), and emission windows of 500-600 nm (green), and 610-
700 nm (red).

imaging. We then chose the leptin receptor-deficient obese
C57BLKS/]-db/db (BKS-DB) mouse to identify the fatty liver. Then
the BKS-DB mouse was intraperitoneally injected with HOPs for
1.5 h, obvious fluorescence signals were detected on abdomen (Fig.
S13 in Supporting information), and the organs including white
adipose tissue were taken out for imaging and comparison with
the wield type mouse (WT) (Fig. 4A and Fig. S14 in Supporting
information). The adipose tissues and the liver had an observable
strong fluorescence comparison with other organs. The adipose
tissues were then imaged by fluorescence microscopy (Fig. S15 in
Supporting information). The obtained results clearly revealed that
HOP-NMe selectively stained the fat reservoirs of adipocytes and
showed a remarkable ability of adipose tissues imaging. When we
stained sliced WT and BKD-DB mouse liver tissues, using HOP-NMe
and Nile red, in fatty liver tissues there is many LDs can be ob-
served and quantitative analysis revealed a 1.8-fold increase in flu-
orescence intensity of BKS-DB to WT liver tissues in green channel
(Figs. 4B and C). Hematoxylin and eosin stain also clearly showed
abnormal lipid accumulation in the fatty liver tissues (Fig. S16 in
Supporting information). These results showed that our probes
specifically targeted LDs may be useful for monitoring the progres-
sion of metabolic syndrome induced by the increased lipid content.

In conclusion, a new series of intramolecular HB locked purine-
based chromophores with switchable emissions (HB light up) and
high photostability were devised. Furthermore, HOP probes could
be applied for bioimaging with LDs in cells and fat liver tissues. As
a new platform, HOP probes are potential for developing various
selective markers or biosensors for subcellular organelle. Such a
design strategy utilizing intramolecular HB can potentially be gen-
eralized for the preparation of purine chromophores with remark-
able photophysical properties for subcellular organelle and tissue
imaging.
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