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Pathological lipid accumulation is a hallmark of several metabolic disorders, and

detection of lipid aggregates is an essential step for initial diagnosis and drug

screening purposes. However, low-cost, simple, and reliable detection

fluorescent probes are not widely available. Here, six push-pull-push dyes

were studied, and proved to be highly sensitive to the polarity of the

medium, presenting potential to distinguish structures with different

hydrophobic indexes. Importantly, in the presence of lipid aggregates their

staining specificity highly increased and the fluorescence wavelength blue

shifted. One of the compounds, named Liprobe, was physiologically inert in

cells, as witnessed by mass-spectrometry and metabolic assays. Liprobe was

not toxic to living zebrafish embryos, and differentially stained the muscle and

bone tissues. In triglyceride solutions, a high correlation was observed between

Liprobe’s 558 and 592 nm emissions and the 0–2.5 mg dl−1 triglyceride range.

Confocal and cell-based high content screens revealed that this fluorophore

was able to selectively detect lipid droplets and ceramide loads in normal and

Farber’s disease human fibroblasts, respectively. Our results demonstrate that

Liprobe is a suitable fluorescing probe for vital staining of lipid aggregates,

compatible with a rapid and cheap high content screening assays for

preliminary diagnosis of Farber’s disease and, potentially, of other lipidosis.
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Introduction

Lipids comprise a large and important class of biomolecules

highly relevant in metabolism and signaling (Hannun and Obeid,

2018). They integratemultiple biochemical functions, such as energy

production, cell membranes generation, and act as chemical signals

for cell and organ communication. Thus, they are important for all

tissues, (Gross and Silver, 2014), (Walther and Farese, 2012) and

alterations in the lipid homeostasis may greatly impact the whole

organism. Lipid-based disorders (or lipidosis) encompass a wide

range of lipidmetabolic diseases with harmful accumulation of lipids

in various cells and tissues. Most lipid disorders are related to diet

and lifestyle (80%) and result in dyslipidaemia, particularly

hyperlipidaemia, a well-established risk factor for atherosclerosis

and cardiovascular disease that lead tomore than 17.9million deaths

per year. (WHO, 2002), (Pischon et al., 2008), (Adams et al., 2006)

The other 20% are mostly familial lipid disorders, including

inherited lipid storage diseases such as Gaucher, Tay-Sachs,

Fabry, and Farber’s diseases (Elias et al., 2008). The detection of

lipid loads in cells and tissues via, e.g., high-content screening (HCS),

is important for lipidosis diagnosis and therapeutic drugs screening,

and may also assist identifying individuals for risk prevention

(Galema -Boers and Van Lennep, 2015).

Cell- or plasma-based HCS diagnosis and drug development

must be fast and affordable, benefiting from the implementation of

user-friendly probes for lipid aggregates’ detection. Fluorescent

probes fitting these criteria would be ideal, since fluorescence-

based detection techniques are amongst the most sensitive.

Fluorescence labelling is highly employed in biology and

medicine for therapeutic means (Serra et al., 2009) or to image

tissues, cells or specific subcellular structures (Nunes da Silva et al.,

2019). Although several fluorescent probes have been developed for

lipid droplets staining, (Fam et al., 2018), (Tatenaka et al., 2019) the

commercial probes have drawbacks that limit their use, such as poor

solubility hindering the staining process, high prices, and a limited

range of absorption and emission wavelengths. Hence, it is of

interest to develop user friendly and affordable fluorescent probes

for lipid load detection, compatible with HCS.

Push-pull fluorophores have been successfully used for

imaging living cells, (Didier et al., 2009), (Dang et al., 2018)

in particular because of their large Stokes’ shifts. For example,

certain substituted chalcone derivatives exhibit high quantum

yields in solution and are efficient probes for ex vivo imaging (Lee

et al., 2012). Here, we report a series of six push-pull-push

fluorophores, decorated with halogen atoms. All the

compounds exhibit good molar extinction coefficients and fair

quantum yields. Importantly, the compounds present a large

Stokes’ shift and their emission maximum is much influenced by

the polarity of the surrounding environment, and they are

biocompatible. Moreover, they are highly selective for

intracellular lipid aggregates, making them intriguing vital

dyes for cellular imaging, in particular, for the detection of

lipidic aggregates in fundamental and pharmaceutical studies.

Results and discussion

Synthesis and photophysical properties of
the new push-pull-push chromophores

The chromophores 1a-c (linear) and 2a-c (cyclic), decorated

with halogen atoms, were synthesized following a common strategy.

SCHEME 1
Synthesis of the probes.

FIGURE 1
Crystal structures of the probes 2a-c; Thermal ellipsoids are
shown at the 50% probability level, hydrogen atoms are shown
with an arbitrary radius (0.30Å). C, grey; O, red; N, blue; H, white;
Cl, green; Br, brown.
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The building blocks were obtained by chlorination or bromination

of 4-dimethylaminobenzaldehyde using n-chlorosuccinimide or

n-bromosuccinimide (Guieu et al., 2013), (Vaz et al., 2016). The

double condensation of the appropriate benzaldehyde with acetone

or cyclohexanone gave the linear and cyclic chromophores,

respectively, in fair to good yields (Scheme 1). The structures of

the linear (1a-c) and cyclic (2a-c) fluorophores were confirmed by

NMR, MS and HRMS or elemental analysis. Synthesis details and

NMR spectra are given in the Supplementary Materials.

The compounds 1a-c were obtained as oils or amorphous

solids, while the cyclic equivalents 2a-c were crystalline solids.

Single crystals suitable for X-ray diffraction were obtained by

slow evaporation of a saturated solution in dichloromethane

(Cambridge Crystallographic Data Centre). The crystal structure

of 2a has been published, (Yakimanski et al., 1997), and it is

described here for comparison with the halogenated analogues.

Although in 2a the asymmetric unit is half of the molecule

(Figure 1), for the halogenated derivatives 2b-c the asymmetric

unit consists of two different molecules, mirror images of each

other (only one of the molecules is shown in Figure 1, for clarity).

All bonds and angles are in the normal ranges (Allen et al.,

1987). The crystal structures confirmed the formation of the double

bonds and their (E)- configuration. In the crystals, the two phenyl

rings are coplanar and rotated in the same direction relatively to the

central cyclohexanone. No halogen bonds are present, the molecules

being held together solely by a network of weak hydrogen bonds.

UV-vis absorption experiments were carried out in

dichloromethane (DCM) solutions. The main band is ascribed to

the S0–S1 (n–π*) transition, observed at ca. 440 nm for 1a and 2a

(Figure 2, full lines). Substitution of the phenyl rings with a halogen

atom shifts this absorption maximum to shorter wavelengths (ca.

380 nm). The molar extinction coefficient does not seem to be

influenced by the presence of halogens on the phenyl rings (Table 1).

The weaker band at 270 nm is similar for all compounds and

attributed to the S0–S2 (p–p*) transition.

The emission spectra were recorded at low concentration in

DCM solutions (Figure 2, dotted lines). All compounds emit at

similar wavelength, between 500 and 700 nm, as a broad band

centered around 560 nm. The quantum yields are modest, ranging

from 0.01 to 0.14 and, in the linear series, the presence of the halogen

on the phenyl rings is detrimental to the emission efficiency. In the

cyclic series (compounds 2a-c), the quantum yields are probably too

small to allow seeing an influence of the halogen atoms. The large

Stokes’ shift observed for all chromophores, ranging from 110 to

197 nm, is characteristic of a transition with charge transfer

character, occurring from the dimethylamino groups to the

ketone via the two butadiene bridges.

Biocompatibility and imaging in
mammalian cultured cells

The choice of a fluorophore for cellular imaging should not

rely solely on its in vitro properties, such as the quantum yield

measured in dichloromethane, but also take in consideration its

FIGURE 2
Absorption and normalized emission spectra in
dichloromethane.

TABLE 1 Photophysical data in dichloromethane.

Compound λabs (nm)a ε(M−1 cm−1)a λem (nm)b ϕc Stokes’ shift
(nm)

1a 442 41,000 552 0.14 110

1b 390 14,000 560 0.10 170

1c 370 7 500 562 0.05 192

2a 433 20,000 550 0.01 117

2b 381 20,500 578 0.01 197

2c 378 24,500 572 0.01 194

aε is determined by linear regression of 4 measurements in the range 10–4 M to 10–6 M in dichloromethane.
bExcitation at 400 nm.
cQuantum yields are determined with excitation at 400 nm, by linear regression of 4 measurements in the range of absorption 0 to 0.2, by comparison with fluorescein (quantum yield

0.91 at excitation 470 nm in a solution of NaOH 0.01 M in water). (Brouwer, 2011).
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properties in cells. The compounds’ capacity to be internalized by

living cells, their fluorescence distribution and relative intensity,

were first analyzed in HeLa cells (here exemplified for cyclic 2a-

c). As expected, due to their absorption maximum (Figure 2), the

fluorophores could be excited with confocal microscope’s

405 and 458 nm laser lines. Given that the optimum

concentration to maximize the emission of fluorophores is

between 10 and 100 µM (more concentrated the fluorescence

is quenched, more diluted the fluorescence decreases linearly),

further assays were performed in that concentration range.

All compounds were taken up within 1 h by living HeLa cells

(Supplementary Figure S1). Surprisingly, although the quantum

yield of 2b is 10 times lower than its linear analogue 1b, the

former appeared inside cells with high emission when excited

with equal laser power at 405 nm (Table 1 and SI). Nevertheless, a

general tendency of brighter emission for fluorophores with

chloride for hydrogen substitution could not be found.

Cells were not affected by 1 h incubation with the

fluorophores and, to confirm their biocompatibility, two cell

lines (HeLa and MC3T3) were incubated with 1 µM of the

compounds for 24 h (Supplementary Figure S2) and cells

viability monitored. Only 1c and 2a rendered significantly

decreased viabilities, and only in HeLa cells (ca. 30 and 20%,

respectively, Supplementary Figure S2). The fluorophores were

still visible in cells following 24 h, here exemplified for 2b

(Supplementary Figure S3A). Depending on their localization,

the fluorophores emitted in the green, yellow, or red regions

(Supplementary Figure S3B).

Importantly, the powdered fluorophores were stable for more

than 1 year and their intensities in fixed cells stored in PBS were

stable for at least 1 month.

Next, the emission lambda scans of the compounds were

recorded on a 510-META confocal microscope upon excitation

with the 405 nm diode laser. Figure 3A shows the emission

spectra of 1a and 2b, the brightest fluorophores in cells.

Spectra of 1b, 1c, 2a and 2c (Supplementary Figure S4) were

very similar to the spectrum of 2b (Figure 3A, left graph), with a

characteristic narrow peak. Spectrum of compound 1a displays a

wider band (Figure 3A, right graph).

Given its photophysical characteristics in cells, the cyclic

compound 2b was selected as the best-performing

fluorophore for live and fixed cells staining. The

characteristics of 2b live imaging in several cell lines,

mainly human, were analyzed upon 2 h incubation with

20 µM 2b (Figure 3B). Compound 2b emitted mostly in the

green region (lambda-colored), and its emission was

FIGURE 3
(A) Lambda scans of fluorophores 2b (20 μM, left graph) and 1a (100 μM, right graph) in HeLa cells. (B)Microphotographs of cell lines of human
(cervix tumor HeLa, skin Fibroblasts ‘FIB’, neuroblastoma SH-SY5Y, pre-osteoblast MG63) and rat (pre-osteoblast MC3T3) origins, incubated live with
20 μM of 2b for 2 h. Upper panel: lambda scans (exc. 405 nm; em. 411–754) and resulting pseudocolors. Lower panel: corresponding
microphotographs taken in the 475–625 nm channel, colored green. Bar, 20 μm. Negative controls are shown in Supplementary Figure S3C.
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predominantly detected in cytoplasmic vesicles, where it

emitted at higher intensity. Some faint staining of the

aqueous cytoplasm could also be observed, while no

nuclear staining was usually detected (Figure 3B; negative

controls in Supplementary Figure S3C). Cells fluoresced

primarily in bright green, occasionally in yellow/orange

with red spots, but very rarely in blue (tested with various

filter sets and various conditions) (Figure 3B and

Supplementary Figure S3B).

The observed 2b subcellular spotted pattern may indicate

lysosomal or mitochondrial staining, and this was further

pursued. Co-staining of 2b with the lysosomal marker

LAMP2 and the MitoTracker® vital dye for active

mitochondria, revealed some co-localization with

fluorophore 2b (Figures 4B,C, respectively). Although the

Mander’s coefficients were of 26.3 ± 4.6 and 29.3 ± 4.4 for

co-localization with LAMP2 or MitoTracker®, respectively,
some of the apparent co-labeled structures were not

morphologically equal. Hence, a high percentage of the

Liprobe population stained other cytoplasmic structures

and we hypothesized that 2b could differentially stain

organelles with different polarities.

Solvatochromism effect and imaging
cellular lipid aggregates

The observed differences between the compounds’ emission

spectra in DCM and inside cells (Figures 2, 3A; Supplementary

Figure S3) prompted us to investigate in more detail their

optoelectronic properties, particularly solvatochromism. In a

push-pull chromophore, the first excited state is highly polar,

in the present chromophores with a negative charge on the

oxygen and a positive one on the nitrogen atoms. Therefore,

the polarity of the solvent or surrounding structures is crucial for

the stabilization or destabilization of this excited state. A polar

solvent stabilizes the excited state without influencing much the

energy of the ground state, resulting in a decrease in the

transition energy (higher emission wavelengths). The opposite

occurs with a less polar solvent (lower emission wavelengths).

The influence of the solvent polarity on the emission

spectrum was studied for all compounds; given the similarity

of the obtained results, only the spectra of compound 2b are

presented here as an example. As expected, in a mixture of THF

and hexane (Figure 5A, left graph), when the percentage of

hexane increased the polarity of the solvent decreased, and the

FIGURE 4
Co-localization studies of the fluorophore 2b with endolysosomal and mitochondrial markers in HeLa cells. (A) Negative control (‘Neg Ctr’),
cells not stained; positive control (‘Pos Ctr’), living cells incubated for 2 h with 20 µM 2b. Cells were (B) co-stained with the endolysosomal marker
LAMP2 (in red) after fixation or (C)with the viable mitochondrial marker MitoTracker Deep Red FM 633 nm (in red), in living cells. Compound 2b: exc.
at 405 nm, em. 475–625 nm, colored green. LAMP2 and MitoTracker: exc. at 633 nm; em. 650–750 nm. Bar, 20 μm.
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emission maximum blue-shifted. In contrast, when the polarity

of the solvent increased in a mixture of THF and water

(Figure 5A, right graph), a red shift was observed in the

emission maximum. The intensity of the emission was also

investigated as a function of the solvent polarity (Figure 5B).

The emission was maximal in solvents with medium polarity

such as DCM or THF and decreased in more polar (water) or less

polar (hexane) solvents. An interesting consequence is that the

emission of polar and apolar solutions can be separated. A simple

experiment was further conducted: water (2 ml) and hexane

(2 ml) were added to a solution of 2b in THF; two phases

were separated, and the fluorescence was only visible in the

hexane phase, confirmed by recording the emission spectra of

each phase (not shown). Hence, 2b is more soluble in pure

hexane than in pure water and/or the emission is much stronger

in pure hexane than in pure water. The same can be said for the

other fluorophores.

Given that the fluorophores’ color shifts with the polarity of the

environment in vitro, (Lakowicz, 2006), we further investigated

whether they shift with the hydrophobicity of the subcellular

FIGURE 5
(A) Fluorescence of compound 2b (10–4 M; λex = 400 nm) in a THF/Hexane mixture with different percentages of hexane (left), or in a THF/
Water mixture with different percentages of water (right). (B) Variation of compound 2b emission intensity (left) and its maximum emission
wavelength (right), versus solvent polarity. (C) Lambda scan coloredmicrophotographs of live HeLa cells incubatedwith compound 2b (20 µM) for 1h
and previously incubated or not with oleic acid (“OA”) (exc. 405 nm). Bar, 20 μm.
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organelles and are able to selectively mark cells and organelles with

higher lipidic load. This was first explored in human cells where the

lipid droplets content was increased by cells incubation with an oleic

acid solution (Camões et al., 2015) (Figure 5C). Lipid droplets are

dynamic cytoplasmic organelles found in most eukaryotic cells,

where they participate in lipid storage for energy generation and

membrane synthesis, among others (Walther and Farese, 2012).

In the presence of abundant lipid droplets, the fluorophores

staining was more defined, revealing its selectivity for lipid

aggregates. This also suggests that, in basal conditions, the

fluorophores locate in cytoplasmic vesicles with more

hydrophobic content. Furthermore, in conditions of lipid droplets

abundance a blue-shift of the emission maximum was detected in

cells (Figure 5C), with the fluorophores signaling in the blue range.

As stated before, the ability of the fluorophores to selectively stain

lipids is highly relevant, since they account for nearly half of themass

of cell membranes (Holthuis and Menon, 2014). The most widely

used lipid droplet markers (Dang et al., 2018; Tatenaka et al., 2019),

(Collot et al., 2018) are lipophilic fluorescent probes such as

BODIPY 493/503 and Nile Red (9-diethylamino-5H-benzo [a]

phenoxazine-5-one) (Listenberger et al., 2016). The compounds

here presented share cellular staining properties with Nile Red,

which is also highly membrane-permeant, not acutely toxic, and its

emission shifts from red to yellow according to the level of

hydrophobicity of the solvent (Diaz et al., 2008).

Differential staining of zebrafish embryos’
structures

To determine if 2b was able to penetrate and differentially

counterstain small organisms in a physiologically innocuous

manner, its solvatochromic staining properties were tested in

zebrafish embryos (Figure 6). Vital dyes are extremely valuable to

provide contextual information in these embryos that, due to

their optical transparency and rapid development, are ideal

systems to study numerous biological processes such as

development and tissue regeneration (Cooper et al., 2005).

To first test for lethality, embryos were treated at 4 days post-

fertilization (dpf) with different concentrations of 2b (10–50 µM)

FIGURE 6
Zebrafish embryos at 4.5 dpf were incubated for 16 h with 50 µM compound 2b in DMSO. Confocal lambda scans (exc. 405 nm) of the trunk
were taken at the level of the urogenital pore, at different focal planes (“z”). A DMSO alone condition was performed in parallel, as negative control.
“nc”, notochord canal; “cc”, central canal; arrows: muscle cells/fibers—green fluorescing; asterisk: bone/cartilaginous tissue - orange fluorescing.
Bar, 100 μm.
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for increasing time (4–16 h) (n ≥ 30 fish/treatment, N = 5). No

cellular or whole organism toxicity was observed for any 2b

treatment, with 100% viability being obtained at 6 dpf, even with

the higher dose tested (50 µM).

Lambda scans of embryos treated with 2b showed that the

fluorophore penetrated deeply into the embryonic tissues (40 µm)

and differentially stained its cells (Figure 6), as previously observed

for the mammalian cell cultures (Figures 3–5).

Muscle cells were easily distinguished in 2b counterstained

embryos, with the fluorophore emitting in the green spectral

region (Figure 6, arrows). Another easily identifiable structure

was the central canal (Figure 6, “cc”), with the fluorophore

emitting in the yellow/red -spectral region. Compound 2b also

stained in yellow/red the bone/cartilaginous tissue and was

excluded from the notochord region (Figure 6, “nc”). At the

single cell level, the fluorophore signal was absent or much

reduced in the nuclei, allowing for the quick identification of

tissues, such as muscle with clearly visible multinuclear cells

(Figure 6, arrows).

Compound 2b application to triglyceride
quantification

Given the fluorophores’ preference to stain hydrophobic

structures and lipids, we explored other applications for 2b,

namely in the detection and quantification of triglycerides in

liquid samples (Figure 7).

A triglyceride standard curve was established, to which

compound 2b was added for 5 min. The fluorophore was

excited at 375 nm and the 412–600 nm emission recorded in a

microplate reader. Figure 7A shows 2b emission spectra in the

presence of increasing triglyceride concentrations. In the blue

region of the spectra, 2b emission intensities varied, but not

linearly increased with triglycerides concentration. However, in

the green-yellow region of the spectrum a decrease in the 2b

emission intensity occurred with increasing triglycerides

concentration. A zone of inverse correlation was visible

between 0 and 2.5–5.0 mg dl−1 triglyceride, for the

550–600 nm emission interval. Emissions at 558 and 592 nm

were plotted against triglyceride concentrations (Figure 7B),

FIGURE 7
(A) Emission spectra (412–588 nm) of compound 2b (20 μM)
upon a 5 min incubation with triglyceride 0–20 mg/dl standards
(exc. 375 nm). A potential linear inverse correlation between
triglyceride concentration and 2b emission intensities was
apparent at 550–600 nm. (B) Graphs plotting 2b emission
intensities at 558 and 592 nm with all triglyceride concentrations
tested (left) or only between 0–2.5 mg/dl triglyceride (right).

FIGURE 8
High-content screening of lipid aggregates in human
fibroblasts (FIB) from a Farber’s disease patient (‘Farber’s FIB′),
normal (‘Normal FIB’) or incubated overnight with oleic acid to
produce lipid droplets (‘Oleic Acid FIB’), exposed to
compound 2b for 2 h. Detection: CFP channel, BP filters with exc.
400–440 nm, em. 460–490 nm). (A) Number of foci per cell; (B)
Mean integrated blue emission intensity. N = 10–13. Settings were
normalized to eliminate FIB’s auto-fluorescence. Statistical
significance analyses against normal FIB used the two-tailed
Student’s t-test; symbols: *, p < 0.05; ***, p < 0.001; ****, p <
0.0001.
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particularly the 0–2.5 mg dl−1 triglyceride range. An inverse

correlation was visible for both 558 and 592 nm emission

wavelengths, with a correlation (R2) of 0.99. Correlations were

of 0.92 (for 558 nm) and 0.93 (for 592 nm) in the 0–5.0 mg dl−1

triglyceride interval (not shown).

These data confirm that, within this linearity range,

compound 2b is as a highly sensitive probe to quantify the

concentration of triglycerides in liquid samples. Unfortunately,

no correlation between the emission of 2b and the triglyceride

content of human plasma samples was apparent, due to

interferences of undetermined plasma structures in the

recorded emission interval (data not shown).

Compound 2b in cell-based high-content
screens for lipidosis pre-diagnosis

Early detection of lipid-based disorders is highly important,

as well as the study of new therapeutic approaches for these

diseases is. To assess the adequacy of 2b as a probe for pre-

diagnosis of lipidosis, Farber’s disease was used as example.

Inherited Farber’s lipogranulomatosis (MIM 228000) is an

autosomal recessive neurodegenerative lysosomal disease

caused by mutations in the ASAH1 gene that lead to a

deficient acid ceramidase. As a result, ceramide accumulates

in lysosomes of several cell types (Yu et al., 2018). The most

common method for Farber’s disease definitive diagnosis is the

determination of acid ceramidase activity using cultured patient

fibroblasts. A fluorescent non-molecular screening of the lipidic

load of these patient fibroblasts, based on cellular high content

screening assays, would be an important add on as a fast and low-

cost pre-diagnostic tool for Farber’s disease and other lipid-based

disorders.

High content screening assays were performed, testing the

capacity of 2b to differentially stain fibroblasts in three

conditions: normal fibroblasts (negative control), Farber’s

fibroblasts (tested condition) and fibroblasts pre-incubated with

oleic acid (positive control). All three conditions were randomly

distributed over a 96-well plate and the 2b fluorescence in the

different wells was recorded in the blue-region. Results are depicted

in Figure 8, where the number of lipid aggregates blue-stained foci

per cell (Figure 8A) and their mean integrated blue intensity

(Figure 8B) are plotted for the three conditions.

A consistent tendency was found for the three conditions in

both graphs, where the number of 2b blue foci and their mean

integrated blue intensity was significantly increased for Farber’s

fibroblasts when compared to control ones, and evenmore increased

in normal fibroblasts incubated overnight with oleic acid. This is

expected, since oleic acid is more hydrophobic than ceramide, and

2b emits with higher intensity in the blue region in more apolar

environments. Compound 2b was also able to blue stain ceramide

breakdown products (Supplementary Figure S6 micrographs).

These data confirmed that fluorophore 2b is a reliable option

for a fast and cheap pre-diagnostic of Farber’s disease by high

content screening since the emission blue-shift was sufficient to

detect the increase in ceramide load, demonstrating the ability to

discern between normal and Farber’s disease human fibroblasts

(Figure 8). Furthermore, the remarkable results with the oleic

acid lipid droplets suggest that 2b value in high content screening

cell-based pre-diagnostics or drug screening even increases for

other metabolic diseases related to the accumulation of lipids

with hydrophobicity indexes higher than ceramide.

FIGURE 9
Compound 2b is inert for living cells and stays in culture for up to 3 days (A) Volcano plot with the distribution of proteins detected by mass
spectrometry analysis in human fibroblasts, exposed or not to 2b for 24 h, exhibits few differences between the cells’ proteomes. After an initial 2 h
incubation of HeLa cells with 20 μM2b, (B) the fluorophore had no significant effects on the cells’ viability (resazurin metabolic assay,N = 3), and was
still visible in cells after 3 days (confocal microphotographs; exc. 405 nm; em. indicated on the photographs; bar, 10 μm).
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Compound 2b (“Liprobe”) as an inert vital
dye for long-term cellular imaging

Since a vital dye should stay in the cell for a long time without

hindering the cellular metabolism or impacting other important

cellular processes, the biological inertia of 2b (named “Liprobe”)

was studied using proteomic, viability and imaging assays

(Figure 9).

Human fibroblasts were incubated with 2b for 24 h, and its

effect on the cellular pathways evaluated by mass spectrometry

(nano LC-MS/MS). The proteome of stained and non-stained

cells was compared, with the resulting volcano plot graph

(Figure 9A) showing the distribution of the detected proteins

and their relative abundance in 2b stained cells. Out of the more

than 3,000 proteins identified, only 17 proteins (ca. 0.5% of the

cellular proteome) were found de-regulated: 5 proteins down-

regulated (Figure 9A green area) and 12 proteins up-regulated

(pink area). Only one of these proteins (sphingomyelin

phosphodiesterase 4) relates to lipid metabolism, and its high

values are based on the quantification of only two unique

peptides. Hence, 2b did not to alter significantly any cellular

pathway.

The long-term maintenance and fluorescence of 2b in cells,

and its long-term effects on the cells’ viability, were also assessed.

Confirming its innocuous character, after an initial 2 h

incubation of HeLa cells with 20 μM Liprobe, the cells’

metabolism was not significantly altered 3 days later

(Figure 9B). The fluorophore was still visible in cells after

3 days, emitting in the green and blue (Figure 9C). The value

of Liprobe as a vital dye for long-term cellular imaging was thus

established.

Conclusion

A family of new fluorophores relevant for live imaging

has been reported and thoroughly characterized. Their

synthesis is straightforward and scalable, and further

modifications may easily be introduced. In the molecules

bearing a cyclic core, the fluorophore with chloride

substituents is the best for a variety of biological and

biomedical staining procedures. It is permeable to the live

cell membrane and not toxic to cells or zebrafish embryos.

Furthermore, it does not affect the cell metabolism or

proteome and, thus, can be used as a vital dye.

In cells, the cyclic-core fluorophore (“Liprobe”)

preferentially localizes in the lipidic structures, such as

lipid droplets and pathological lipid aggregates. Liprobe can

be used in high content screening, for fast and cheap pre-

diagnosis of lipidosis, such as Farber’s disease, discriminating

between normal and Farber disease human fibroblasts. It has

potential to be used in the pre-diagnosis and drug screening of

other metabolic disorders of increased lipid load, particularly

those pertaining the accumulation of highly hydrophobic

lipids. Liprobe is, thus, a valuable alternative to

commercially available molecular probes for live cell

imaging and lipid aggregates’ detection. We are currently

working on introducing peripheral modifications to

increase its brightness, tune its emission color and modify

its selectivity.
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