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diazoles as highly tunable
fluorophores for imaging lipid droplet
accumulation in astrocytes and glioblastoma cells†

Kilian Colas, a Karl O. Holmberg,b Linus Chiang,c Susanne Doloczki, a

Fredrik J. Swartlingb and Christine Dyrager *a

We present an extensive photophysical study of a series of fluorescent indolylbenzothiadiazole derivatives

and their ability to specifically image lipid droplets in astrocytes and glioblastoma cells. All compounds in the

series displayed positive solvatochromism together with large Stokes shifts, and p-extended derivatives

exhibited elevated brightness. It was shown that the fluorescence properties were highly tunable by

varying the electronic character or size of the N-substituent on the indole motif. Three compounds

proved capable as probes for detecting small quantities of lipid deposits in healthy and cancerous brain

cells. In addition, all twelve compounds in the series were predicted to cross the blood–brain barrier,

which raises the prospect for future in vivo studies for exploring the role of lipid droplets in the central

nervous system.
Introduction

Lipid droplets (LDs) are ubiquitous cellular organelles that
serve as reservoirs for natural lipids, such as triglycerides and
cholesterol esters.1 They tend to be excessively abundant in
cancer cells, which can use them to reduce excess lipid toxicity,
or mobilize them as energy sources to survive tumor starva-
tion.2–7 Excessive LD accumulation has been recognized as
a cancer hallmark,3,5 and specic imaging of LDs using uo-
rescent probes has become highly attractive for studying altered
lipogenesis in cancer cell biology.8 Dysregulated LD accumula-
tion (excessive or insufficient) has also been linked to various
neurodegenerative disorders,9,10 including Alzheimer's,11 Hun-
tingon's12 and Parkinson's13 diseases, as well as amyotrophic
lateral sclerosis (ALS).14 While their presence has been observed
or suggested in most brain cells,9 the mechanisms behind their
formation and mobilization remain unclear and the available
data on LDs in healthy vs. cancerous brain tissue is still some-
what contradictory.2,4,6,7,15 Hence, there is a growing demand for
bright and LD-specic uorophores that are useful for staining
LDs in glial cells and brain cancer, such as probes that can
a University, Box 576, 75123 Uppsala,
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detect and monitor small quantities of LDs for studying lipid
dynamics in the central nervous system (CNS).8,16–19

Herein we report the synthesis, photophysical characteriza-
tion and cell imaging properties of a series of indolylbenzo-
thiadiazole (InBTD) derivatives. Several of these compounds
stained LDs with excellent signal-to-background ratios in both
cancerous and healthy brain cells (glioblastoma and astrocytes).
The photophysical characteristics of the compounds were
extensively studied and correlated to structural diversity, elec-
tronical effects and to torsion angle variations between the BTD
unit and the indole motif. All compounds in the series were
predicted to cross the blood–brain barrier (BBB), which raises
the prospect of studies in higher organisms.
Results and discussion

The 2,1,3-benzothiadiazole (BTD) motif has gained popularity
as an electron-decient acceptor unit in donor–acceptor (D–A)
uorophores – compounds that can be used in materials
science and/or bioimaging. In general, BTD-based uorophores
exhibit several advantageous features, such as non-toxicity,
pronounced solvatochromism, redshied emission proles
and large Stokes shis.20 The latter two are especially relevant
for bioimaging since they reduce the risk of background noise
that originate from autouorescence or backscattering from the
excitation source.21

In this study, we anticipated that an electron-rich indole unit
could be an attractive donor counterpart to the BTD core.20,22

Especially for CNS related bioimaging as it is found in
numerous bioactive compounds such as the amino acid tryp-
tophan, the neurotransmitter serotonin, and in various
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (Top) Previous studies of the mechanochromic properties of
indolylbenzothiadiazoles, InBTDs.25,26 (Bottom) This work: extensive
photophysical characterization in multiple solvents and intracellular
lipid droplet (LD) staining in melanoma, glioblastoma and astrocytes.
SBR ¼ signal-to-background ratio.
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psychotropic drugs – all of which have BBB permeability.23,24

InBTDs have so far mainly been reported by the Ito group for
their interesting mechanochromic properties (Fig. 1, top).25,26
Scheme 1 (A) Chemical structures of InBTDs 1–12 and their calculated
tigated).† Two stable conformers found. (B) Synthetic routes for the m
Reagents and conditions: (a) N-Boc-indole-2-boronic acid, PEPPSI-Ipr,
0 �C to r.t., 16 h; (c) R–Cl or R–Br, NaH, 15-crown-5, DMF, 0 �C to indicat
K2CO3, toluene/MeOH (1 : 1), 80 �C, 2 h; (e) 4-(N,N-dimethylamino)pheny
(1 : 10), 85 �C, 16 h.

© 2021 The Author(s). Published by the Royal Society of Chemistry
Thus, in this work we wanted to explore their utility as imaging
agents for uorescent cell microscopy and also study how
different N-substituents on the indole motif affect the photo-
physical properties (Fig. 1, bottom). We hypothesized that the
size of the N-substituent would regulate the uorescence effi-
ciency through the BTD–indole torsion angle (q), while the
electronic nature, electron-donating groups (EDGs) or electron-
withdrawing groups (EWGs), would impact the D–A character of
the uorophores. Accordingly, we synthesized twelve InBTDs
(1–12, Scheme 1A) with such features, of which four included an
additional aromatic motif to extend the p-conjugation and
thereby obtain increased molar absorptivity.

DFT calculations

Geometry optimization of InBTDs 1–12 (Scheme 1A) were per-
formed without symmetry constraints using the hybrid M06
functional and 6-31g* basis set combination,27–29 and the cor-
responding polarized continuum model (PCM)30 for the corre-
sponding solvents (hexane, toluene, THF, DMSO, acetonitrile,
isopropanol, MeOH and H2O). For full computational details,
see ESI pp. 27–34.† This combination of functional and basis set
has previously been used to investigate the electronic structures
of similar BTD-containing compounds.31 All compounds in the
series (1–12) exhibited a calculated BTD-to-indole bond
distance of ca. 1.46 Å. Compounds 1 and 9 exhibited no or
negligible twisting (q ¼ 0.0 and <1.0�, respectively) between the
aromatic BTD and the unprotected indole ring due to
torsion angles in hexane and water (least to most polar solvent inves-
onosubstituted (top) and the disubstituted BTD derivatives (bottom).
K2CO3, toluene/MeOH (1 : 1), 80 �C, 2 h; (b) trifluoroacetic acid, DCM,
ed T, 16 h; (d) 1-methyl-2-indoleboronic acid pinacol ester, PEPPSI-Ipr,
lboronic acid pinacol ester, Pd(PPh3)4, Na2CO3 (2 M aq.), toluene/EtOH

RSC Adv., 2021, 11, 23960–23967 | 23961
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intramolecular hydrogen bonding between the H-N-indole and
the BTD fragment (further discussed below). All other
compounds (2–8, 10–12) displayed torsion angles (q) greater
than 40�, which can be attributed to the absence of hydrogen
bonding and increased steric bulk of the N-substituent.
Compounds 9–12 also showed twisting between the 4-(N,N-
dimethylamino)phenyl and the BTD unit (4) of ca. 30�. Vertical
excitation energies were calculated using time-dependent
density functional theory (TD-DFT) at the same level of theory
with the corresponding PCM. In all cases, vertical excitations
originated fromHOMO/ LUMO transitions, where the HOMO
was delocalized over the entire molecule, and the LUMO was
predominantly BTD-based (ESI Fig. S18†). The disubstituted
compounds (9–12) were predicted to exhibit red-shied transi-
tions in comparison to their monosubstituted counterparts (1,
Table 1 Photophysical data of the BTD derivatives 1–12 in solvents of d

Solvent Comp.
lAmax

[nm]
lEmax

[nm] Stokes shia [nm]
3

[M�1 cm�1] F

Hexane

1

452 509 57 6600 0
Toluene 448 542 94 8400 0
THF 434 565 131 8000 0
DMSO 429 608 179 6700 0
MeCN 424 601 177 6800 0
i-PrOH 436 600 164 8000 0

Hexane

2

415 517 102 5500 0
Toluene 415 555 140 4300 0
THF 408 575 167 4700 0
DMSO 404 623 219 4700 0
MeCN 395 609 214 4600 0
i-PrOH 408 n.e.b — 5100 —

Hexane

3

414 518 104 2500 0
Toluene 411 555 144 300 0
THF 401 478 177 1200 0
DMSO 396 n.e.b — 400 —
MeCN 385 n.e.b — 1200 —
i-PrOH 402 n.e.b — 400 —

Hexane

4

382 499 117 5400 0
Toluene 381 520 139 5200 0
THF 376 537 161 6000 0
DMSO 373 571 198 3900 0
MeCN 367 563 196 3000 0
i-PrOH 373 569 196 5500 0

Hexane

5

371 488 117 4500 0
Toluene 373 510 137 6300 0
THF 369 521 152 5000 0
DMSO 367 553 186 5000 0
MeCN 363 548 185 5100 0
i-PrOH 368 557 189 5700 0

Hexane

6

384 495 111 8200 0
Toluene 385 518 133 5900 0
THF 381 531 150 5200 0
DMSO 377 563 186 5600 0
MeCN 372 555 183 6400 0
i-PrOH 378 562 184 2900 0

a Stokes shi in nm ¼ lEmax � lAmax.
b No emission detected. c Not deter

23962 | RSC Adv., 2021, 11, 23960–23967
2, 4 and 5). Furthermore, compounds 1–8 were predicted to
exhibit blue-shied absorptions in more polar solvents, while
a far less pronounced trend was predicted for the compounds
containing the 4-(N,N-dimethylamino)phenyl substituent (9–
12). These predicted trends were proven to be in good agree-
ment with experimental UV-Vis spectra collected in the corre-
sponding solvents (vide infra).
Synthesis

Following literature precedents,25,32 compounds 2 and 5 were
prepared in excellent yields (84 and 99%, respectively) using
a Suzuki–Miyaura cross-coupling protocol. Accordingly, 4-
bromo-2,1,3-benzothiadiazole (BTD-Br) and the appropriate
indolyl-boronic acid were coupled using PEPPSI-Ipr as the
ifferent polarity

F Comp.
lAmax

[nm] lEmax [nm]
Stokes shi
[nm]

3

[M�1 cm�1] FF

.02

7

368 480 112 7900 0.17
.06 368 495 127 4700 0.60
.17 358 503 145 5000 0.50
.02 354 524 170 8100 0.55
.02 350 517 167 5700 0.55
.07 358 529 171 5300 0.19

.86

8

368 492 124 5100 0.69
.36 370 516 146 3800 0.63
.16 365 523 158 4700 0.57
.01 367 554 187 3600 0.15
.01 361 546 185 3800 0.41

364 552 188 4300 0.09

.63

9

494 568 74 n.d.c 0.57
.20 491 604 113 2200 0.21
.10 495 649 154 21 400 0.11

478 558 80 2700 0.02
487 697 210 17 000 0.01
490 661 171 8300 <0.01

.18

10

460 564 104 n.d.c 0.75
.22 464 604 140 1300 0.40
.15 463 638 175 6200 0.20
.07 464 668 204 1400 <0.01
.07 452 680 228 6600 0.02
.01 461 631 170 1400 <0.01

.79

11

452 560 108 n.d.c 0.89
.88 464 612 148 13 700 0.43
.68 462 648 186 13 700 0.15
.48 464 562 98 13 100 0.02
.46 452 694 242 9800 0.02
.07 460 608 148 n.d.c 0.01

.23

12

441 551 110 n.d.c 0.85
.24 452 599 147 11 100 0.56
.16 452 635 183 13 000 0.22
.11 458 562 104 13 200 0.02
.10 445 693 248 12 000 0.02
.02 449 632 183 n.d.c 0.01

mined due to poor solubility.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (top) Correlation between molar extinction coefficients (3) and
calculated torsion angles (q) in hexane for InBTDs 2–8; (bottom)
representation of the relationship between quantum yield F and the
nature of the indole N-substituent in hexane for InBTDs 1–8.
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catalyst (Scheme 1B, top). To introduce other N-substituents on
the indole – when the boronic acids were not commercially
available – we found it more straightforward to proceed via N-
functionalization of the unsubstituted indole motif. Hence, the
Boc group in compound 5 was removed with triuoroacetic acid
to quantitatively provide the N-H derivative 1. Subsequently, 1
was deprotonated with sodium hydride and treated with various
alkyl, acyl and sulfonyl chlorides, which initially resulted in very
low yields. Noting the intense purple color of the reaction
mixture upon deprotonation, we hypothesized that the conju-
gate base of 1 may strongly chelate to the sodium cation from
the hydride base and hinder reactivity towards the electro-
philes. Consequently, one equivalent of 15-crown-5 was added
to abstract the sodium counterion, resulting in improved yields.

The N-acetyl and N-benzoyl derivatives 4 and 6 were obtained
in high yields (72 and 83%, respectively) at room temperature,
while tosylation required heating at 110 �C to provide 7 in 52%
yield (observed in NMR as a mixture of rotamers). InBTDs with
bulkier substituents remained challenging to synthesize.
Nonetheless, the isopropyl derivative 3 could be obtained in
18% yield upon heating to 65 �C (the boiling point of the elec-
trophile). On the other hand, heating proved detrimental to the
preparation of the Fmoc-protected 8, which was obtained in
26% yield at room temperature. Unlike previously reported
InBTD derivatives,25,26 the compounds in this series were le
unfunctionalized on the C-3 position of the indole. As a conse-
quence, competing C-3 reactivity was observed when attempting
other synthetic strategies. In particular, transition-metal cata-
lyzed C–N coupling reactions led to dimerization of 1 at the C-3
position, presumably due to a strong directing group effect of
the BTD core. Likewise, the use of anhydrides as electrophiles
mostly resulted in C-3 acylation.

To improve the molar absorptivities of the compounds,33 we
introduced an additional aromatic substituent at the 4-position
of the BTD core starting from 4,7-dibromo-2,1,3-
benzothiadiazole, Br-BTD-Br (Scheme 1B, bottom). First,
Suzuki–Miyaura coupling conditions were used to prepare the 4-
(N,N-dimethylamino)phenyl substituted bromo-BTD interme-
diate 13 in 65% yield. A second coupling afforded the Boc-
protected InBTD derivative 12, followed by deprotection to
yield 9 in quantitative yields. The addition of 15-crown-5 was
again crucial to prepare both the methyl- and acetyl-
functionalized compounds 10 and 11 in 36% and 90% yield,
respectively.
Photophysical characterization

The photophysical properties of compounds 1–12 were inves-
tigated by UV-absorption and uorescence spectroscopy in
a broad variety of solvents of different polarity (Table 1 and ESI
Fig. S1–S12†). Due to solubility issues, isopropanol was used
instead of methanol, andmeasurements in water were excluded
since the analysis could not be performed reliably. Several
photophysical trends and behaviors could be noticed when
changing the nature of the indole N-substituent. For the
monosubstituted compounds 2–8, a clear correlation was
observed between the molar extinction coefficients (3) and the
© 2021 The Author(s). Published by the Royal Society of Chemistry
calculated torsion angles, which is best represented in hexane
where the smallest solvent effects are expected (Fig. 2, top). As q
increases, the conjugation of the D–A system is weakened and 3

decreases. Accordingly, the isopropyl derivative 3 (q ¼ 57.9�)
showed the lowest 3 value (2500 M�1 cm�1) and the benzoyl
derivative 6 (q ¼ 41.7) the highest (8200 M�1 cm�1). The tosyl-
derivative 7 displayed a clear exception to this trend (q ¼
49.8�, 3 ¼ 7900 M�1 cm�1), likely due to conjugation of the
sulfonyl group to the aromatic p-system. Also, the unprotected
N-H compound 1, which calculations suggest should be at (q¼
0�), showed similar 3 values as for many of the other derivatives
and no increased values caused by planarization. The disub-
stituted compounds 9–12, which are larger conjugated systems,
displayed up to three times higher 3 values than the mono-
substituted analogues. Moreover, while the 3 values differ
between the derivatives in the series, they were rather uniform
regardless of solvent for each compound.

However, a few exceptions were observed for 3, 9 and 10
where 3 varied dramatically in different solvents (e.g., 9, 3 ¼
2200 M�1 cm�1 in toluene vs. 21 400 in THF). Further
comparing the monosubstituted derivatives 1–8 in hexane
revealed that the uorescence quantum yield FF was highly
affected by the electronic character of the indole N-substituent
(Fig. 2, bottom). Compounds 2 and 3 with EDGs (alkyls, methyl
or isopropyl) showed excellent quantum yields (FF ¼ 0.85 and
0.63) while 4, 6 and 7 with EWGs (amide or sulfonate) gave
much lower values (FF ¼ 0.18, 0.23 and 0.17). As an exception,
the carbamate derivatives 5 and 8 showed very high uores-
cence efficiency (FF¼ 0.79 and 0.69), despite the EWG character
RSC Adv., 2021, 11, 23960–23967 | 23963
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of the N-protecting group. The unprotected N-H derivative 1
displayed low uorescent quantum yields in all solvents (FF ¼
0.02–0.07) except THF (FF¼ 0.17). As previously reported, this is
likely due to strong intramolecular hydrogen-bonding.25,34–36

Furthermore, the photophysical behavior for the disubstituted
analogue 9 differed from 1, even though the calculated torsion
angles q were close to zero in all solvents (q ¼ 0.7�–0.9�).
Instead, it followed the trends of compounds bearing electron-
donating N-substituents on the indole motif (i.e., 2, 3 and 10).
The same trend also applied for the disubstituted derivatives
with EWGs on the indole (11 and 12), showing that the quantum
yields for these were highly affected by the additional donor
motif, 4-(N,N-dimethylamino)phenyl. Compounds 2, 3 and 9–12
displayed good to excellent quantum yields in hexane, which
gradually decreased with increasing solvent polarity becoming
largely quenched in DMSO, acetonitrile and isopropanol. For
the isopropyl derivative 3, the quenching was so pronounced
that no emission could be detected in these solvents. As these
compounds are the strongest D–A (2, 3) or D–A–D (9, 10) systems
in the series, this behavior can be ascribed to a stronger stabi-
lization of their excited states in polar environments.37–43 This is
in line with the strong positive solvatochromism observed in all
cases,43 where emission maxima gradually increased with
solvent polarity, resulting in large Stokes shis. On the other
hand, the absorption maxima (lAmax) were generally unaffected
by the solvent, although a slight negative solvatochromism was
observed, followed by a small uptick in isopropanol. This
suggests that solvent stabilization effects are also at play in the
ground state.

Other trends were observed for the monosubstituted
compounds 4–8 that contain protecting groups with electron-
withdrawing character on the indole motif. Their emission
and absorption proles were more blue-shied and their
quantum yields generally decreased with solvent polarity.
However, the latter was either less pronounced (e.g., in DMSO
and acetonitrile for 5 and 8) or more irregular (4, 6 and 7). This
indicates that the withdrawing nature of the N-substituent
partially negates the donation character of the indole group in
the push–pull system. Nevertheless, they still displayed strong
positive solvatochromism and remarkably large Stokes shis
(e.g., 189 nm for 5 in isopropanol). We could also observe that
the carbamate derivatives 5 and 8 had high or excellent
quantum yields in most of the solvents. They even displayed
high values in acetonitrile (FF ¼ 0.46 and 0.41, respectively).

Lippert–Mataga (L–M) plots of all compounds (ESI Fig. S13
and S14†) further support solvatochromism as the main cause
for the observed spectral shis, as the correlation between
Stokes shis and solvent polarizability are linear.44,45 However,
for the disubstituted compounds 9–12, some aberrations could
be seen. First, a clear deviation from the linear trend of 9 in
DMSO stems from hydrogen bonding between the solvent and
the unprotected indole.35,36 The reason why this was observed
for 9, and not for the monosubstituted analogue 1, presumably
arise from the presence of a weaker intramolecular hydrogen
bond (q s 0�, Scheme 1A) – caused by the presence of the
additional donor substituent, 4-(N,N-dimethylamino)phenyl.
Measurements of compounds 10–12 in isopropanol also
23964 | RSC Adv., 2021, 11, 23960–23967
deviated from the linear trend in the L–M plots. This was again
likely due to hydrogen bonding, but this time between the
protic solvent and the 4-(N,N-dimethylamino)phenyl motif.
Furthermore, the emission proles of 11 and 12 in DMSO dis-
played a very pronounced dual emission (ESI Fig. S11 and S12†).
This a is a well-known phenomenon in D–A uorophores that
can be ascribed to a locally excited (LE) state and an intra-
molecular charge transfer (ICT) state – the latter being stabi-
lized by polar solvents.37,46,47 The involvement of ICT states are
typically associated with solvatochromism and decreased
quantum yields with increasing solvent polarity,37,39 which is
consistent with our observations. Moreover, the absorption
spectra of 1–3 displayed distinct shoulders in hexane, and to
a lesser extent in toluene and THF. This suggests the presence
of two ground-state species that can be attributed to two
different stable conformations. In the case of 1, with or without
intramolecular hydrogen bonding and in the case of 3, the
presence of steric bulk (isopropyl group) that generates rotam-
ers. The latter is supported by our calculations (ESI p. 31†),
which show two stable conformational isomers, one of which
display the largest torsion angles in the series (q ¼ 57.9–61.5�)
between the indole motif and the BTD unit. While the calcula-
tions do not indicate the same for compound 2, a similar effect
may occur that is not reected by the DFT model. In all three
cases (1–3), a single emission band was observed, suggesting
the existence of a single excited state. Thus, rapid rotamer
interconversion in the excited state is less likely, as it would
violate the non-equilibration of excited rotamers (NEER) prin-
ciple.48 Although, such behavior has been reported in recent
literature for D–A uorophores.49,50 In a more subtle case, 7
showed slight shoulders in both the absorption and emission
spectra, suggesting that two ground-state rotamers (which were
observed in NMR) are converted to two distinct excited-state
rotamers that do follow the NEER principle.
Cell studies

Several BTD-based uorophores have shown to specically stain
LDs in cancer cells, including our recently reported dyes.32,51 We
therefore wanted to explore the utility of InBTDs 1–12 as
imaging agents for uorescent cell microscopy. Three different
cell lines were chosen for the study: malignant melanoma cells
(SK-MEL-28), which contain a signicant number of LDs.52

Glioblastoma cells (U1242MG) and normal human astrocytes
(NHA) were also investigated, given the surge of interest of LDs
in brain cancer,2,4,6,7 LDs role in neurodegenerative
diseases9,11–14 as well as the prevalence of the indole motif in
BBB-crossing substances.23,24 Live cells were incubated with
compounds 1–12 (10 mM) for 24 h and subsequently xated and
costained with DAPI prior to uorescence microscope imaging.
The results showed that the InBTD derivatives 5, 9, 11 and 12,
which exhibit the most pronounced brightness in apolar
solvents (3 � FF $ 4000 M�1 cm�1 in hexane and toluene), were
supreme in the series for obtaining clear and favorable signals
in cells (Fig. 3 and ESI Fig. S15, S16†). For instance, the
monosubstituted compound 5 gave a characteristic LD pattern
in melanoma cells (ESI Fig. S15†) with a good signal-to-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Staining of melanoma (SK-MEL-28, left), glioblastoma (U1242MG, middle) and normal human astrocytes (NHA, right) with 11 (10 mM, top
and bottom) and oleic acid supplementation (100 mM, bottom). Staining was performed on live cells, which were fixated after 24 h incubation.
Cell nuclei were stained with DAPI (seen in blue).54 Scale bar: 20 mm.
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background ratio (SBR ¼ 1.9) in the green channel.53 However,
the signal contrast was much less favorable for 5 in glioblas-
toma cells and astrocytes (SBR ¼ 1.8 and 1.7, respectively). This
observation was likely attributed to (i) the lower amount and
smaller size of LDs in these cells lines compared to melanoma
cells and (ii) the modest brightness of 5 (e.g., 5544 M�1 cm�1 in
toluene), which evidently is not optimal for detecting low
quantities of LDs. Nevertheless, the brighter disubstituted
compounds, 11 (Fig. 3, top) and 12 (ESI Fig. S15†), gave excellent
results in all three cell lines, providing a clear LD staining
pattern in the yellow channel53 with excellent signal distinction
(for 11, SBR¼ 14.0, 5.0, and 5.6 in melanoma, glioblastoma and
astrocytes, respectively). They also showed no or very low signal
in the blue, green and red channels53 (ESI Fig. S17†), making
them highly suitable for multicolor imaging with different u-
orophores. Furthermore, compound 9 gave an unexpected
worm-shaped pattern in the yellow and red channels53 (ESI
Fig. S16†) when using our standard staining protocol (i.e., post-
xation aer live cell treatment). Notably, the same pattern was
observed in live-cell imaging experiments. While this could be
due to precipitation in the cell medium, the shape of the
putative aggregates seems to rule out crystallization. Instead, we
propose that the unprotected indole moiety (made more
nucleophilic by the electron donating 4-(N,N-dimethylamino)
phenyl substituent) reacts with components of the cell culture
medium. Nonetheless, 9 proved to be an excellent stain for xed
cells, providing a bright signal in the yellow channel,54 aer
30 min treatment, with an LD-staining pattern comparable to
the other probes (ESI Fig. S16†). All our cell imaging experi-
ments with 5, 9, 11 and 12 resulted in punctate patterns that are
© 2021 The Author(s). Published by the Royal Society of Chemistry
consistent with intracellular LD staining from the
literature.8,17,32

To further verify LD staining, co-staining with standard
uorescent LD markers (e.g., Nile Red) could not be performed
due to overlapping photophysical proles. Instead, co-staining
of compound 11 was performed using immunouorescence
with an antibody for adipophilin – a protein that is localized on
the surface of LDs.17 The results clearly showed colocalization of
11 and adipophilin, which conrms LD staining (ESI Fig. S18†).
Cells were also supplemented with oleic acid, a process known
to strongly enhance LD formation.2,17 As depicted in Fig. 3, cell
staining experiments were performed with 11 in the absence
and presence of oleic acid (top and bottom panels, respectively).
The latter showed a signicant increase in both signal intensity
and in the number of droplet-like items in all three cell lines,
strongly supporting LD specic staining. The uorescent cell
images also revealed signicant differences between the
different cell lines. While LDs were more abundant and visibly
larger in melanoma than in glioblastoma cells, they appeared to
be distributed around the entire cell in a uniform fashion. In
contrast, the healthy NHA exhibited much fewer LDs that
seemed to be located in the periphery of the cells rather than
close to the nucleus. The results clearly showed detectable LDs
in NHAs, in accordance with the most recent literature.6,7,15,54

The observed differences between the cell lines were also
consistent with mounting evidence that cancer cells rely on
modied lipid metabolism and increased quantities of LDs to
promote tumor survival by resisting cell starvation and lipid
toxicity.3,5
RSC Adv., 2021, 11, 23960–23967 | 23965
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Fig. 4 (Top) Cell viability of melanoma (SK-MEL-28, blue), glioblas-
toma (U1242MG, pink) and normal human astrocytes (NHA, orange)
after treatment with 1–12 (10 mM) for 24 h, measured by resazurin
staining assay. Results are represented as % of a DMSO control as
a mean � standard deviation of results obtained from triplicates and
twice repeated independent experiments. (Bottom) Graphical repre-
sentation of BBB+ scores for 1–12. The orange horizontal line repre-
sents the threshold for predicted positive BBB crossing.
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The cell viability aer treatment of 1–12 (10 mM) was inves-
tigated using the resazurin assay (Fig. 4, top). No signicant
signs of toxicity could be observed aer 24 h incubation.
However, the disubstituted compounds 9–12 showed a very
modest decrease in viability compared to their mono-
substituted counterparts. To explore the future potential of the
compounds for in vivo CNS imaging, 1–12 were further evalu-
ated using Xie's platform for BBB penetration (see ESI†).55 The
model predicted that all compounds in the series could cross
the BBB (Fig. 4, bottom), although with different grades of
capacity. For example, the BBB+ scores for the brighter disub-
stituted compounds 9–12 were generally lower than for the
majority of the monosubstituted derivatives 1–8 – an effect that
suggestively originates from increased hydrogen bond ability in
the presence of the 4-(N,N-dimethylamino)phenyl motif.
Conclusions

We have described a series of solvatochromic indolyl–BTD
derivatives, whose uorescence properties can be highly tuned
via the N-substituent on the indole motif – either by varying its
electronic nature (EDGs vs. EWGs) or steric bulk. The latter
23966 | RSC Adv., 2021, 11, 23960–23967
which affects the torsion angle between the aromatic units and
thus the degree of conjugation within the molecules. Intro-
duction of an electron-donating moiety, 4-(N,N-dimethylamino)
phenyl, at the 4-position of the BTD core gave disubstituted
derivatives with improved brightness and red-shied emission
proles. Among those, compound 9, 11 and 12 proved to be
excellent probes for specic imaging of lipid droplets in mela-
noma cells, and also for staining lower quantities of lipid
accumulation in cancerous and healthy brain cells (glioblas-
toma and astrocytes).

These compounds are easily synthesized, exhibit large
Stokes shis, allows for multicolor imaging and are predicted to
cross the BBB. They also show superior emissive properties in
hydrophobic environments and display suppressed emission in
polar protic solvents – an ideal trait for staining lipid deposits
with high contrast in cells. Notably, they do not suffer from
unspecic staining or background artifacts (attributed to small
Stokes shis) – known limitations for commonly used and
commercialized LD probes such as Nile Red and BODIPY-based
derivatives.13 Thus, we believe that compound 9, 11 and 12 will
be valuable additions to the available collection of LD-dyes,8

particularly for imaging LDs in brain tissue that require high
specicity and excellent signal-to-background ratios.2,4,6,7,9,11–14

Also, their predicted BBB permeability raises the future pros-
pects for in vivo studies to investigate altered lipogenesis in the
CNS.
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4 F. Geng and D. Guo, Int. Med. Rev., 2017, 3, DOI: 10.18103/
imr.v18103i18105.18443.

5 A. L. S. Cruz, E. d. A. Barreto, N. P. B. Fazolini, J. P. B. Viola
and P. T. Bozza, Cell Death Dis., 2020, 11, 105.

6 C. N. Barber and D. M. Raben, Front. Cell. Neurosci., 2019, 13,
212.

7 B. C. Farmer, J. Kluemper and L. A. Johnson, Cells, 2019, 8,
182.
© 2021 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/d1ra04419b


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
Ju

ly
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

/2
6/

20
26

 1
0:

23
:4

0 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
8 T. K. Fam, A. S. Klymchenko and M. Collot, Materials, 2018,
11, 1768.

9 B. C. Farmer, A. E. Walsh, J. C. Kluemper and L. A. Johnson,
Front. Neurosci., 2020, 14, 742.

10 V. Teixeira, P. Maciel and V. Costa, Biochim. Biophys. Acta,
Mol. Cell Biol. Lipids, 2021, 1866, 158820.

11 L. K. Hamilton, M. Dufresne, S. E. Joppé, S. Petryszyn,
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