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2,6,8-Trisubstituted 3-Hydroxychromone Derivatives as Fluorophores
for Live-Cell Imaging

Christine Dyrager,™ Annika Friberg,”! Kristian Dahlén,™ Maria Fridén-Saxin,
Karl Borjesson,”” L. Marcus Wilhelmsson,” Maria Smedh,'! Morten Gretli,”™ and
Kristina Luthman*!*!

Abstract: We present the synthesis and photophysical characterisation of a series
of structurally diverse, fluorescent 2,6,8-trisubstituted 3-hydroxychromone deriva-

tives with high fluorescence quantum yields and molar extinction coefficients. Two
of these derivatives (9 and 10a) have been studied as fluorophores for cellular
imaging in HeLa cells and show excellent permeability and promising fluorescence
properties in a cellular environment. In addition, we have demonstrated by photo-
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physical characterisation of 3-isobutyroxychromone derivatives that esterification
of the 3-hydroxyl group results in acceptable and useful fluorescence properties.

Introduction

The development of new, unique fluorophores for cellular
studies is of significant importance in the field of chemical
biology. Such compounds can provide information on a
broad range of molecular processes and properties including
binding interactions, DNA sequencing, conformational
changes and cellular substructures."! In a project aimed at
the development of novel chromone-based bioactive com-
pounds, we came across a series of 3-hydroxychromone de-
rivatives that showed interesting fluorescence properties. 3-
Hydroxychromones are fluorophores that exhibit dual fluo-
rescent behaviour originating from the normal excited form
(N*) and from the phototautomer (T*) formed by means of

[a] M. Sc. C. Dyrager, Dr. A. Friberg, Dr. K. Dahlén,

M. Sc. M. Fridén-Saxin, Prof. Dr. M. Grgtli, Prof. Dr. K. Luthman

Department of Chemistry—Medicinal Chemistry

University of Gothenburg, 412 96 Géteborg (Sweden)

Fax: (446)31-7723840

E-mail: luthman@chem.gu.se

M. Sc. K. Borjesson, Prof. Dr. L. M. Wilhelmsson

Department of Chemical and Biological Engineering—

Physical Chemistry

Chalmers University of Technology, 412 96 Goteborg (Sweden)

Dr. M. Smedh

Centre for Cellular Imaging, The Sahlgrenska Academy

University of Gothenburg, Box 35, 405 30 Goteborg (Sweden)

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200900279.

[b

—

[c

—

Chem. Eur. J. 2009, 15, 9417 -9423

© 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

an excited-state intramolecular proton transfer (ESIPT;
Scheme 1A).*% Due to their characteristic photophysical
behaviour, 3-hydroxychromone derivatives have been used
as biosensors,” hydrogen-bonding sensors,”®! fluorescent
probes for dipotential (¥;) measurements in lipid bilay-
ers® " and as photochemical dyes for protein labelling and
apoptosis.'*'% Recently, a spermine-conjugated 3-hydroxy-

Energy
A) B)
- Joo
0 o,H 0
ES/PT o
0"+ R A 0"+ R
N* N*
O+ R
T*
hw hvaps H hw M Vaps
hvre
+_H
ol,
- o)
T g @fk,ﬁo 0oy
o) o}
| . 0" R |
0 R o R
N N
Normal Tautomer Normal
Scheme 1. A) Photophysical cycle of 3-hydroxychromones. B) The
ground and excited state of 3-isobutyroxychromones.
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chromone derivative was shown to change its fluorescence
behaviour when interacting with double-stranded but not
single-stranded DNA.I""! The 3-hydroxychromones have also
been studied theoretically using semi-empirical calcula-
tions."¥ In addition, the chromone ring system has been de-
fined as a privileged structure in drug discovery!"” due to its
use in a wide variety of pharmacologically active compounds
such as anti-cancer,” anti-HIVPY and anti-inflammatory
agents.?

In our search for small organic compounds useful in stud-
ies of cellular processing, we are particularly interested in
inherently fluorescent compounds. In the present study, we
have therefore analysed the fluorescence properties of a
series of 2-substituted 3-hydroxychromone derivatives (1-10,
Table 1).*?Y1 The compounds were chosen to allow an in-
vestigation of how various substituents in the 2-position will
affect the ESIPT process (Scheme 1). The series therefore
comprises compounds containing both powerful electron-
withdrawing substituents such as in 2-(4-trifluoromethyl-
phenyl)-3-hydroxychromone (5), and strongly electron-do-
nating groups such as 2-(4-diethylaminophenyl)-3-hydroxy-
chromone derivatives (e.g., 7a,b and 10a,b), earlier shown
to have interesting fluorescence properties.”” In addition,
the photophysical properties for a series of 3-isobutyroxy-
chromone derivatives (11 and 12) were characterised to
compare the fluorescence behaviour in the absence of a
free, unprotected hydroxyl group in the 3-position. Finally,
two fluorescent compounds with a more favourable solubili-
ty profile (9 and 10a) containing a 3-amino-1-propynyl sub-
stituent in the 8-position have been used for live-cell imag-
ing. Fluorescence microscopy in HeLa cells showed that
these compounds exhibit excellent permeability properties

resulting in a rapid uptake, no toxicity and good fluores-
cence properties in a cellular environment.

Results and Discussion

In previous studies, we have developed an efficient strategy
for the synthesis of a 3,6,8-trisubstituted chromone scaffold
combined with a convenient introduction of different aro-
matic or conjugated substituents in the 2-position.**!! The
synthetic strategy was based on the use of 6,8-dihalogenated
3-hydroxychromones, thereby allowing regioselective intro-
duction of various substituents by means of palladium-medi-
ated chemistry to further improve their properties as diverse
ligands acting on different receptors/enzymes.

Synthesis: Our synthetic procedure to chromones 1-6
(Table 1) and 13 (Scheme 2) has been reported earlier.”*!
Chalcones were prepared by means of an aldol condensation
of commercially available 3-bromo-5-chloro-2-hydroxyaceto-
phenone (16a, Scheme 2) and the appropriate aldehyde in
high yields using KOH in EtOH. Efficient cyclisation with
NaOH and H,0, in THF/MeOH afforded the 3-hydroxy-
chromone derivatives in yields between 57 and 88 %. To fa-
cilitate the flash chromatographic purification on silica gel,
the hydroxyl group was acetylated as in 13. Compound 14
was synthesised in 78 % yield from 13 by means of a Sono-
gashira cross-coupling reaction using [PdCl,(PPhs),], Cul,
NEt; and Boc-protected propargylamine in dry THF under
microwave conditions at 120°C (Scheme 2). The acetyl ester
in 14 was hydrolysed to provide 15 using NaOMe in MeOH
followed by fert-butoxycarbonyl (Boc)-deprotection with 3N

Table 1. Photophysical data of 2,6,8-trisubstituted 3-hydroxychromones 1-10 and 2,6,8-trisubstituted 3-isobutyroxychromones 11-12.1%!
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Compound R? R? R® R® Aabs [nM] Aem [nm]®! ) ) - e[mM'em™] Dr
N T
1 phenyl OH Cl Br 355 435 550 0.05 12000 0.07
2 4-MeO-Ph OH Cl Br 370 446 554 0.28 23000 0.06
3 2-thienyl OH Cl Br 372 438 560 0.07 19000 0.09
4 3-thienyl OH Cl Br 358 434 548 0.03 17000 0.13
5 4-CF;-Ph OH Cl Br 354 436 553 0.13 14000 0.03
6 CH=CHPh OH Cl Br 381 446 544 0.24 12000 0.05
Ta 4-NEt,-Ph OH Cl Br 438 564 - - 27000 0.43
7b 4-NEt,-Ph OH Br Br 439 565 - - 27000 0.42
8 4-MeO-Ph OH Cl (CH,);NHBoc 362 434 542 0.33 16000 0.07
9 4-MeO-Ph OH Cl C=CCH,NH, 372 444 556 0.14 14000 0.10
10a 4-NEt,-Ph OH Cl C=CCH,NH, 441 568 - - 21000 0.49
10b 4-NEt,-Ph OH Br C=CCH,NH, 443 570 - - 18000 0.48
11a 4-NEt,-Ph OCOCH(CH;), Cl Br 417 556 - - 36000 0.04
11b 4-NEt,-Ph OCOCH(CH;), Br  Br 418 560 - - 32000 0.06
12a 4-NEt,-Ph OCOCH(CH,), Cl C=CCH,NHBoc 420 554 - - 33000 0.12
12b 4-NEt,-Ph OCOCH(CH;), Br C=CCH,NHBoc 420 553 - - 30000 0.12

[a] Photophysical data measured in 95% ethanol. [b] Emission values originating from the normal excited form (N*) and from the phototautomer (T*)
formed by means of an excited-state intramolecular proton transfer (ESIPT) (see Scheme 1).
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Scheme 2. Synthesis of 6,8-disubstituted 2-(4-methoxyphenyl)-3-hydroxy-
chromones: a) i) 4-methoxybenzaldehyde, KOH, EtOH, 50°C—RT, over-
night; ii) NaOH (aq) (4m), H,0, (aq) (30%), MeOH/THF (1:1), 0°C—
RT, overnight; iii) acetyl chloride, NEt;, CH,Cl,, RT, overnight;
b) [PACL(PPh;),], NEt;, Cul, N-Boc-propargylamine, THEF, 120°C,
20 min, microwave heating (78%); c¢) NaOMe, MeOH, RT, 5h (95%);
d) H,, 5% Pd/C, MeOH/dioxane, RT, 15h (80%); e¢) HCI, MeOH, RT,
6h (97 %).

HCIl in MeOH to afford 9 (Scheme 2). Interestingly, the
propargyl group in 14 could be reduced using catalytic hy-
drogenation without disturbing the chromone system, thus
producing 8 in 80 % yield.

Initial attempts to synthesise the 2-(4-diethylaminophen-
yl)-3-hydroxychromone derivatives 7a,b and 10a,b
(Table 1) were performed using the same synthetic route as
described above for the synthesis of 1-6.1**! However, forma-
tion of the chalcone intermediate failed. Other attempts
using Ba(OH), in MeOH™! or NaOMe in DMF?” were also
performed but unfortunately did not result in any product
formation. We therefore continued toward the 2-(4-diethyl-
aminophenyl)-3-hydroxychromone derivatives using an al-
ternative synthetic strategy starting from 4-nitrobenzalde-
hyde (Scheme 3) with the aim of later converting the nitro
group to diethylamine by means of reduction and subse-
quent N-alkylation.

Thus, acetophenone 16a (Scheme 3) was reacted with 4-
nitrobenzaldehyde by means of an aldol condensation using
KOH in EtOH. The chalcone intermediate was cyclised
using H,0, (30%) and 4m NaOH in MeOH/THF. The gen-
erated 3-hydroxychromone derivative was acetylated with
acetyl chloride and triethylamine in DMF to give 17 in 15%

Chem. Eur. J. 2009, 15, 9417 -9423
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Scheme 3. Synthesis of 2-(4-nitrophenyl)-3-hydroxychromones: a) 4-nitro-
benzaldehyde, KOH, EtOH, RT, overnight; b) NaOH (aq) (4m), H,0,
(aq) (30%), MeOH/THF (1:1), 0°C—RT, overnight; c) acetyl chloride,
Et;N, DMF, RT, 24 h.

yield (over three steps). Compound 17 was prepared without
any characterisation of the intermediates due to severe solu-
bility problems. Unfortunately, the subsequent Sonogashira
cross-coupling reaction in the 8-position did not result in
any product formation, regardless of reaction conditions
used. Based on this negative result together with the low
solubility of the compounds, we decided to abandon the syn-
thetic strategy by means of the nitro derivatives.

Instead a new route was adopted by which compounds
18a,b were prepared successfully from 4-diethylaminoben-
zaldehyde and two different dihalogenated acetophenones
(16a,b) by means of aldol condensation using aqueous
sodium hydroxide (60%)®! in MeOH (Scheme 4).* Cycli-
sation to provide 7a,b was accomplished using H,O, (30 %)
and 4M NaOH in MeOH/THF. The 2-(4-diethylaminophen-
yl)-3-hydroxychromones were first protected as acetyl esters
using acetyl chloride and triethylamine in DMF, but these
compounds decomposed on silica gel during the chromato-
graphic purification. Compounds 7a,b were instead protect-
ed as the more stable 3-isobutyric ester derivatives, 11a,b,
using isobutyric anhydride in pyridine. Compounds 12a,b
were then prepared by means of Sonogashira cross-coupling
under microwave conditions at 120°C, using [PdCl,(PPh;),],
Cul, NEt; and Boc-protected propargylamine in dry THF
followed by purification under neutral conditions (Al,O;) to
avoid decomposition.”” Boc-deprotection and cleavage of
the isobutyric ester, 12a,b, were performed in one step
using 3N HCl in MeOH to give the highly hygroscopic
10a,b.

Formation of the 2-(4-diethylaminophenyl)-3-hydroxy-
chromone derivatives 7a,b and 10a,b was shown to be an
arduous challenge compared to the straightforward synthesis
of the 2-(4-methoxyphenyl)-3-hydroxychromone derivatives
8, 9 and 15. However, we have been able to successfully
complete the synthesis in moderate to high yields in every
step. In addition, the purification procedure has been opti-
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Scheme 4. Synthesis of 6,8-disubstituted 2-(4-diethylaminophenyl)-3-hy-
droxy-chromones: a) NaOH (aq) (60%), 4-diethylaminobenzaldehyde,
MeOH, RT, overnight (18a,b: 62 and 78%, respectively); b) NaOH,
H,0, (aq) (30%), MeOH/THF (1:1), 0°C—RT, overnight (7a,b: 55 and
74%, respectively); c)isobutyric anhydride, pyridine, RT, 18-36h
(11a,b: 95% and 90 %, respectively); d) [PdCL(PPh;),], NEt;, Cul, N-
Boc-propargylamine, THF, 120°C, 20 min, microwave heating (12a,b: 67
and 16 %, respectively); e) HCl, MeOH, RT, 40 h (10a,b: 82 and 99 %,
respectively).

mised using recrystallisation instead of flash chromatogra-
phy in four of the five synthetic steps.

Photophysical characterisation: Two sets of compounds, 3-
hydroxychromone derivatives (1-10, Table 1) with electron-
withdrawing and -donating aromatic or conjugated substitu-
ents in the 2-position and 2-(4-diethylaminophenyl)-3-isobu-
tyroxychromone derivatives (11a,b and 12a,b, Table 1),
were characterised for their photophysical properties. The
majority of the 3-hydroxychromone derivatives (1-6, 8 and
9) showed low-energy absorption maxima centred around
360 nm and two defined emission maxima representing the
normal excited species (N*) and the excited tautomer (T*)
centred at ~440 and ~555 nm, respectively. Unlike these
analogues, the 2-(4-dietylaminophenyl)chromone derivatives
(7a,b and 10a,b) shifted the absorption (~440nm) and
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emission maxima to longer wavelengths and gave a single
defined emission profile assigned to N* centred at ~564—
570 nm. This kind of single emission band has been reported
earlier for 2-(4-diethylaminophenyl)-3-hydroxychromone de-
rivatives when using ethanol as a solvent due to strong
charge-transfer properties, perturbation and solvatochrom-
ism.”! In that study, the emission maximum for 4'-diethyl-
amino-3-hydroxyflavone was found to have much shorter
wavelength (ca. 505 nm) than those observed for 7a,b and
10a,b. However, in studies where -electron-withdrawing
groups (e.g., methoxycarbonylvinyl) are attached to the
chromone, both the absorption and emission maxima are
significantly redshifted,®” therefore the shift to longer wave-
lengths observed for our compounds was expected since Cl,
Br and 3-amino-1-propynyl groups are all electron-with-
drawing. The redshifted single emission band detected for
7a,b and 10a,b originates from the N* excited state and is a
result of a solvent stabilisation of the charge-separated ex-
cited state with a positive charge on the 4’-diethylamino
group and the negative charge on the carbonyl oxygen. The
stabilisation has been suggested to be an effect of the highly
polar and protic properties of ethanol.””! Furthermore, the
photophysical properties for the 2-(4-diethylaminophenyl)-
3-hydroxychromone derivatives change with solvent polari-
ty.”” The excitation of the 2-(4-diethylaminophenyl)-3-hy-
droxychromone derivatives show lower solvent polarity de-
pendence compared with Nile Red, a known solvatochromic
dye, whereas the emission shows higher solvent polarity de-
pendence.B¥

A comparison of how different substituents in the 2-posi-
tion affected the fluorescence quantum yield shows that the
introduction of an electron-withdrawing 4'-CF;-phenyl
group (5) results in the lowest quantum efficiency (®Pr=
0.03) in the series. Introduction of a phenyl, 4-MeO-phenyl,
2-thienyl, 3-thienyl or styryl group (1-4, 6) shows only
minor improvements (@r=0.05-0.13) of the quantum yield.
However, introduction of a 4'-diethylaminophenyl substitu-
ent (7a,b) increases the quantum yield dramatically (®@p=
0.42-0.43) due to the strong electron-donating properties
from the para-diethylamino group, thus facilitating charge
transfer and dielectric stabilisation. The para-positioned me-
thoxy group, as in 2, does not show the same electron-donat-
ing ability, thereby leading to a considerably lower quantum
yield (@¢=0.06).

In comparison with the 8-bromo-analogues 2 and 7a,b,
the introduction of an electron-withdrawing 3-amino-1-pro-
pynyl substituent in the 8-position as in 9 and 10a,b resulted
in only a minor variation in absorption and emission values
and in quantum yields. Similar results were also observed
for the reduced 3-(tert-butoxycarbonylamino)propyl deriva-
tive 8. As in previous studies, it can be noted that the inten-
sity ratio of the dual emission bands (Iy./I1-) is tuned (from
0.03 for 4 to considerably higher values for 7 and 10 that vir-
tually exhibit no T* emission; Table 1) by the substituent
pattern on the 3-hydroxychromone system.**!

To investigate the importance of the free hydroxyl group
in the 3-position for the fluorescence behaviour, the 3-isobu-

Chem. Eur. J. 2009, 15, 9417 -9423
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tyroxychromone derivatives 11a,b and 12a,b were also pho-
tophysically characterised (Table 1). These derivatives are
not able to exhibit dual fluorescence, ESIPT-mediated for-
mation of T*, since the protected hydroxyl group in the 3-
position lacks the intermolecular proton-transfer ability
(Scheme 1B). As expected, the spectra of 11a,b and 12a,b
exhibit only one emission band, assigned to the normal ex-
cited species (N*), in this case centred around 555 nm. The
slight displacement of these emission maxima (ca. 10 nm)
compared with 7a,b and 10a,b can be explained by the dif-
ference in electronic structure when attaching the 3-isobu-
tyroxy group to the chromone system. Thus, the measure-
ments on 11a,b and 12a,b confirm the conclusion about the
emission of 7a,b and 10a,b originating from the N* state.
In addition, when comparing 11a,b and 12a,b with the un-
protected derivatives 7a,b and 10a,b, we observe higher
molecular extinction values and dramatically decreased
quantum yields (from @ of 0.4-0.5 to 0.1) (Table1). In
spite of this, the results indicate that esterification of the 3-
hydroxyl group results in compounds with acceptable and
useful fluorescence properties.

All the 3-hydroxychromone derivatives (1-10) studied
here display high extinction coefficient values (e>
12000m 'ecm™') with the highest values for 7a,b (e=
27000m 'cm™'; see Table 1). On the contrary, as has been
discussed above, the difference in fluorescence quantum
yields between the derivatives is more pronounced
(Table 1). The extinction coefficients for the 3-isobutyroxy-
substituted derivatives (11, 12) were even higher (¢ =32000-
36000M‘lcm‘1) than those for 7a,b, but again the quantum
yields are considerably lower. Thus, the 3-hydroxy group is
important for obtaining high quantum yields, but it is evi-
dentially possible to use esterified derivatives for fluores-
cence studies.

To investigate the utility of 3-hydroxychromones as fluo-
rophores for cellular imaging, the fluorescence quantum
yield of two compounds, 10a,b, which showed a more hy-
drophilic character, was established in water, and was found
to be virtually zero. It has been shown that the fluorescence
of a solution of 4'-diethylamino-3-hydroxyflavones in ethyl
acetate changes with the addition of water,*¥ and becomes
completely quenched in pure water.” Instead, 2-(2-furyl)-
and 2-(2-benzofuryl)-3-hydroxychromones have shown that
ESIPT in water and the increase in quantum yields was es-
pecially pronounced for derivatives containing an electron-
donating substituent in the 7-position.’” However, we rea-
soned that the quenching in water for 10a,b could be used
as an advantage since they would not be detectable in a hy-
drophilic cellular environment but instead exhibit fluores-
cence properties when moving into more hydrophobic areas,
for example, into a hydrophobic active site, a hydrophobic
receptor binding pocket or into membrane structures. We
therefore decided to investigate how these compounds
would behave as fluorophores for live-cell imaging.

Cellular studies: Fluorescence microscopy, including live-cell
imaging, is an essential tool in chemical biology and has

Chem. Eur. J. 2009, 15, 9417 -9423
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become widely used to study cellular processes and diseases
in several biomedical research areas.”

To explore the utility of 3-hydroxychromone derivatives
as fluorophores for cellular imaging, HeLa cells were incu-
bated with either compound 9 or 10a in two separate ex-
periments. The fluorescence was imaged by multiphoton
laser scanning microscopy (MPLSM) using two-photon exci-
tation (2PE). 2PE was employed as these compounds are
normally excited in the UV range. 2PE will also increase
cell viability and allow the use of an optimal excitation
wavelength. Live-cell imaging at 37°C showed that both
compounds penetrated rapidly into the cells. The uptake
was already observed within a minute with an accumulation
localised between the cellular membrane and the nucleus. In
Figure 1, the uptake is shown at two different time points. In

Figure 1. Two-photon excitation (2PE), live-cell imaging showing uptake
of compound 9 (A, C, E) and 10a (B, D, F). Panels A and B: Single
plane, larger field of view (215x215 um?), after approximately 20 min.
Scale bar=50 um. Panels C and D: Uptake after 12 min, single planes
(74 x 74 um?®) from the middle of 9 um thick z stacks. Scale bar=10 pm.
Panels E and F: Cross-sections through the z stacks along the dashed
lines in C and D. Panels C-F have been modified for clarity (negative
picture mode).

Figure 1A and B, larger fields of view of the uptake after ap-
proximately 20 min can be seen, whereas the uptake after
12 min is shown for a few cells in Figure 1C-F. Both com-
pounds seem to be taken up by endosomal structures, indi-
cated by the bright punctuate structures in the images, and
by weaker fluorescent membrane-network structures that re-
semble the endoplasmic reticulum. Furthermore, experi-
ments at 4°C showed no cellular uptake, thereby supporting
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the hypothesis of an endocytotic mechanism. ! Importantly,
there were no signs of cytotoxic effects after incubation for
two hours. Differences in photophysical properties such as
extinction coefficients (¢) and quantum yields (®g), indicate
that the brightness (¢®g) of 10a is superior in comparison
with 9 (10000 vs. 1400mM 'cm™) (cross-section values: 12
and 0.13 GM, respectively (1GM=
107 cm*s photon'molecule !); see the Supporting informa-
tion). Although 10a appears more adequate as a fluorescent
probe in cellular microscopy studies than 9, both derivatives
show excellent fluorescence properties in a cellular environ-
ment with high permeabilities and non-toxic profiles.

Conclusion

We have in the present study demonstrated that multifunc-
tionalised chromone derivatives constitute a new promising
class of fluorophores useful for cellular imaging. Through ef-
ficient synthetic methods we have access to a series of differ-
ently functionalised chromone derivatives in which the
structure can be tuned to generate compounds with useful
fluorescent properties. Two derivatives (9 and 10a) with ac-
ceptable and high fluorescence quantum yields demonstrate
rapid permeabilities into living cells and non-toxic profiles
in a cellular environment. The fluorescence quenching ob-
served in water for 10a,b gives opportunities to use these
derivatives as indicators/probes for, for example, protein in-
teractions and receptor-binding studies. Although the fluo-
rescence properties of 3-hydroxychromone derivatives are
characterised by the ability to participate in an ESIPT pro-
cess, esterified 3-isobutyroxychromone derivatives also dem-
onstrate useful fluorescence behaviour and high molar ex-
tinction coefficients.

We are presently working on establishing the exact cellu-
lar localisation (e.g., specific organelles or hydrophobic
compartments) of 3-hydroxychromone derivatives 9 and 10a
with the aim of exploring their further applications in more
advanced cellular studies. In addition, we currently explore
the use of chromone derivatives as peptidomimetics.”” Such
studies could involve protein labelling, examination of spe-
cific binding interactions to target proteins, and/or the cellu-
lar localisation of chromone derivatives coupled to other
compounds targeted for specific organelles.
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