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A new method for senescent cell detection is described, which is based on

lipofuscin labeling with a fluorescent reporter through a biorthogonal

strain-promoted azide-alkyne cycloaddition. The sensing protocol involves

a first step where the interaction of lipofuscin with a Sudan Black B deriva-

tive containing an azide moiety (SBB-N3) is carried out. In the final step,

the azide moiety reacts with a fluorophore containing a cyclooctene ring

(BODIPY). The efficacy of this two-step protocol is assessed in senescent

melanoma SK-MEL-103 cells, senescent triple-negative breast cancer

MDA-MB-231 cells and senescent WI-38 fibroblasts. In all cases, a clear

fluorescence pattern was observed in senescent cells, compared to prolifera-

tive cells, only when the SBB-N3-BODIPY probe was formed. Our results

provide an alternative tool for the detection of senescent cells, based on an

in situ bio-orthogonal reaction for lipofuscin labeling.

Introduction

Cellular senescence is a biological process triggered in

response to stress or damage [1]. This process has a rele-

vant physiological role during development and promotes

tissue regeneration. However, the accumulation of senes-

cent cells can produce inflammation, fibrosis, tissue aging

or tumorigenesis, amongst other diseases [1�5]. Consider-

ing the significance of cellular senescence in age-related

disorders and carcinogenesis, there is a growing interest in

the detection and elimination of senescent cells [6–10].
Senolysis (i.e. therapies against senescent cells) has been

reported to induce remarkable therapeutic effects on mul-

tiple diseases in mice, thus considering the elimination of

senescent cells as a promising strategy to treat aging-

related diseases [5,11,12].

By contrast, the detection of senescent cells is a field

in rapid and continuous development and, as a result
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of the lack of a unique signature for senescence, the

possibility having a collection of chemical tools with

the ability to detect senescent cells is of great concern.

One of the most widely used markers to detect cellu-

lar senescence is the overexpression of lysosomal b-
galactosidase, also known as senescence-associated

b-galactosidase (SA-b-Gal), and the detection of SA-

b-Gal activity using chromo-fluorogenic probes has

become a simple and popular procedure in laborato-

ries for detecting senescence [13–16]. Most of these

reported probes are composed of a galactose unit

covalently linked, through N- or O-glycosidic bonds

with a selected fluorophore. Nevertheless, these probes

show certain limitations, such as, for example, the fact

that cells overexpressing b-galactosidase are not always

senescent cells [17,18].

Furthermore, lipofuscin, known as the ‘age pig-

ment’, is a non-degradable aggregate of oxidized lipids,

covalently cross-linked proteins, oligosaccharides and

transition metals that accumulate within lysosomes in

aged post-mitotic cells [19]. Lipofuscin accumulation is

also observed in senescent cells, thus establishing it as

an additional biomarker to detect senescence [20].

However, when compared with sensors for the SA-b-
Gal detection, the development of molecular probes

for lipofuscin labeling has been much less explored.

Lipofuscin is traditionally histochemically detected by

reaction with oil-soluble dyes, such as Sudan Black B

(SBB), with this method being well known in the

pathological community [21-23]. However, these classi-

cal histological protocols present several technical

drawbacks such as (a) the need for high magnification

for light microscopy; (b) require high experience as a

pathologist; and (c) SBB dye contains numerous impu-

rities that precluded the unambiguous readout of the

analysis because of ‘background dirt’ [19].

To overcome the above-mentioned drawbacks, Gor-

goulis et al. [24] improved the classical protocol using an

avidin-biotin conjugation. In this protocol, the samples

are incubated with an SBB-biotin conjugate, which

binds with lipofuscin. In a second step, an anti-biotin

antibody containing a peroxidase-conjugated polymeric

backbone is added. Afterwards, the addition of 3,30-
diaminobenzidine (a peroxidase substrate) induces the

appearance of a blue–black product (as a result of the

enzyme-catalyzed oxidation of 3,30-diaminobenzidine)

indicating the presence of lipofuscin. However, this

method requires the previous blocking of endogenous

hydrogen peroxidase, and it is reported that an ineffi-

cient inactivation of the peroxidase enzyme might cause

false positives in the staining protocol.

In this scenario, we envisioned the possibility to

employ bio-orthogonal reactions for lipofuscin labeling

that could operate in the complex cellular matrix with-

out the need of previously blocking cellular endoge-

nous components for the detection of lipofuscin. Bio-

orthogonal reactions are employed for the selective

formation of covalent bonds in biological media and

have been widely used in drug design, biomolecule

labeling and in vivo imaging. Staudinger ligation reac-

tions, inverse electron demand Diels–Alder reactions,

palladium catalyzed cross-coupling reactions, ruthe-

nium catalyzed cross-metathesis reactions, Cu(I) cat-

alyzed 1,3-dipolar azide-alkyne cycloadditions and

strain-promoted alkyne-azide cycloaddition (SPAAC)

are the most frequently used [25]. Inside the realm of

bio-orthogonal reactions, click reactions are fast,

exquisitely specific and high-yielding reactions that are

carried out between two mutually reactive molecular

counterparts and that occur with negligible perturba-

tion of the native activities of biomolecules [26–29].
One of the most popular click chemistry reactions is

the Cu(I) catalyzed 1,3-dipolar azide-alkyne cycloaddi-

tion, which generates a stable 1,2,3-triazole linkage

[30–34]. For biological applications, and to overcome

the cytotoxicity of Cu(I), click reactions employ inter-

nal cyclooctynes instead of linear alkynes, which

allows the click reaction to occur in biological settings

without the presence of Cu(I), with this type of reac-

tion named as SPAAC [35–37].
Based on the aforementioned and in our interest in

the synthesis of molecular probes and materials for the

detection of senescent cells [5,6,13–16], in the present

study, we report a new method for lipofuscin labeling

using a SPAAC reaction between an SBB derivative,

modified with an azide group (SBB-N3) and a BOD-

IPY fluorophore functionalized with a strained

cyclooctyne ring (BODIPY). The efficacy of this two-

steps protocol is assessed in different senescent cellular

models. A significant emissive signal from BODIPY is

observed in senescent cells in comparison with prolifer-

ative cells because of the formation of the SBB-N3-

BODIPY probe anchored to lipofuscin.

Results and discussion

Synthesis, characterization and sensing

mechanism

Figure 1A shows the proposed sensing protocol for the

fluorescence detection of lipofuscin. In the first step,

SBB-N3 is internalized in senescent cells and aggregates

to lipofuscin. Then, in a second step, cells are treated

with BODIPY, with the SPAAC reaction taking place

between the azide group of SBB-N3 (located in the lipo-

fuscin) and the cyclooctyne ring in BODIPY, resulting
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in the labeling of lipofuscin and allowing its visualiza-

tion via fluorescence. The synthetic procedures used to

prepare SBB-N3 [24], and BODIPY are depicted in

Fig. 1B,C. Briefly, the substituted perimidine, (2-

methyl-2,3-dihydro-1H-perimidin-2-yl)methanol (1), was

obtained through a condensation reaction between 1,8-

diaminonaphthalene and hydroxyacetone. Simultane-

ously, (E)-4-(phenyldiazenyl)naphthalen-1-amine (2)

was obtained using a diazotization reaction between

aniline and 1-naphthylamine. The diazotization cou-

pling reaction between 1 and 2 followed by the esterifi-

cation of the hydroxyl moiety of condensation product

with azidoacetic acid yielded SBB-N3. On the other

hand, a commercially available fluorophore bearing a

carboxylic acid moiety (4) was reacted with the strained

cycloalkyne 5, yielding BODIPY. The obtained com-

pounds were fully characterized by 1H-NMR and 13C-

NMR, (Figs S1–S5). The formation of the click adduct

after the SPAAC reaction between SBB-N3 and BOD-

IPY was analyzed using attenuated total reflectance

Fourier transform infrared (ATR-FTIR) spectroscopy

and HPLC-MS measurements. The ATR-FTIR spectra

of SBB-N3 and BODIPY reagents and of the click reac-

tion adduct (Fig. 2A, i and ii) showed the disappear-

ance of the stretching band of the azide moiety of SBB-

N3 at 2101.7 cm�1 and the appearance of a weak band

at 1740.1 cm�1 ascribed to the formed 1,2,3-triazole

heterocycle. In addition, Fig. 2B shows the HPLC-MS

chromatograms of BODIPY (tR = 9.55 min), SBB-N3

(tR = 8.90 min) and the SPAAC cycloaddition reaction

(only one peak with tR = 13.06 min). Selected-ion mon-

itoring chromatogram of the click reaction adduct peak

at 13.06 min showed a m/z value of 1610.71, which cor-

related with the theoretical value of molecular ion

C93H90BF2N15O9 (Fig. 2C and Fig. S6).

In vitro validation of the SPAAC reaction in

different senescent cellular models

In a first step, before applying SBB-N3 + BODIPY

labeling in cellular experiments, we tested the possible

cytotoxicity of SBB-N3, BODIPY compounds and the

combination of SBB-N3 + BODIPY in proliferating

and senescent SK-Mel-103 (human melanoma) cells.

N3

(A)

(B)

B-N3 Click Aduct

1st step. Lipofuscin labelling with SBB-N3 2nd step. Biorthogonal click reaction with BODIPY

(C)

Fig. 1. (A) Proposed mechanism for new senescent cell detection protocol through lipofuscin labeling with a Sudan Black B derivative

containing an azide moiety (SBB-N3) and subsequent reaction with a fluorophore containing a strained cyclooctyne ring (BODIPY) by a biorthog-

onal SPAAC reaction. (B) Synthetic procedure followed to obtain SBB-N3 [i: hydroxyacetone, EtOH, 3 h, 65 °C; ii: 1-aminonaphthalene, NaNO2,

H2O/HCl (10 : 7), 10 h, RT; iii: 1 + 2, NaNO2, DMF/H2O/HCl (2 : 3 : 0.6), 90 min, RT, to obtain 3; iv: 3 + 2-azidoacetic acid, N,N’-

dicyclohexylcarbodiimide, 4-dimethylaminopyridine, anhydrous DCM, 5 days, RT]. (C) Synthetic protocol used to prepare the cyclooctyne-

containing BODIPY fluorophore (v: N-[(1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-ylmethyloxycarbonyl]-1,8-diamino-3,6-dioxaoctane); 4, 1,1,3,3-

tetramethyl-2-[2-oxopyridin-1(2H)-yl]isouronium hexafluorophosphate, N,N-diisopropylethylamine, anhydrous DMF, RT, 24 h.
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The viability assays (Fig. S7) showed that SBB-N3 and

BODIPY are not toxic after 48 h even at high concen-

trations. Furthermore, after the combined treatment

with both compounds, no significant differences were

observed in cell viability, compared to untreated cells,

up to 2.5 lg�mL�1 for SBB-N3 and 5 lM BODIPY,

respectively. We selected this dose range for further

cellular assays. Senescence in SK-Mel-103 cells was

induced by incubating the cells with the CDK4/6 inhi-

bitor palbociclib (5 lM) for 1 week. As expected, an

increase in cell size and the number of intracellular

vesicles was observed and the overexpression of the b-
galactosidase enzyme was confirmed by X-Gal cellular

staining assay (Fig. 3A, i and ii). Moreover, the stain-

ing of lipofuscin granules was confirmed in senescent

cells after SBB-N3 treatment. For this purpose, prolif-

erating and palbociclib-treated cells were incubated

with a solution containing SBB-N3 (3.2 µg�mL�1) in

Dulbecco’s modified Eagle’s medium (DMEM) (0.1%

dimethylsulfoxide) for 2 h. Then, cells were washed

and analyzed by light microscopy. The positive lipo-

fuscin staining was confirmed in palbociclib-treated

SK-Mel-103 cells in which a brown–black granule pat-

tern was observed. This staining was not observed in

proliferative SK-Mel-103 cells (Fig. 3A, iii and iv).

Then, the labeling ability of SBB-N3 + BODIPY,

through the SPAAC reaction, was assessed in senes-

cent cells. For this purpose, a two-step procedure was

carried out and fluorescence was analyzed by confocal

microscopy or flow cytometry. First, control and

senescent SK-Mel-103 cells were incubated with a

solution containing SBB-N3 (3.2 µg�mL�1 in DMEM,

0.1% dimethylsulfoxide) for 2 h to incorporate the

azide moieties into lipofuscin. Then, cells were washed

and treated with BODIPY (5 µM) for 1 h to allow the

specific fluorescence staining of lipofuscin via the

SPAAC reaction. Finally, cells were washed and ana-

lyzed by confocal microscopy or by flow cytometry

using 488 nm as the excitation wavelength. Figure 3B

shows a representative image of both proliferative and

senescent SK-Mel-103 after SBB-N3 + BODIPY treat-

ment. Senescent cells treated with SBB-N3 and BOD-

IPY showed a clear bright green emission compared to

control cells. The observed fluorescence signal was

localized in medium-to-large-sized perinuclear struc-

tures or small granules distributed in the cytoplasm,

which is consistent with lipofuscin staining. Control

and senescent cells not treated with SBB-

N3 + BODIPY did not show significant fluorescence at

working conditions. Confocal images were analyzed

and quantified using IMAGEJ (NIH, Bethesda, MD,

USA), corroborating an approximately 2.9-fold higher

emission intensity in senescent cells compared to con-

trol cells (Fig. 3C). Finally, flow cytometry quantifica-

tion revealed that approximately 69% of senescent

cells treated with SBB-N3 + BODIPY were positive to

the staining compared to proliferating cells also treated

with both products (approximately 7%) (Fig. 3D, vii

and viii, and Fig. S8). Autofluorescence from control

and senescent cells was also discarded (Fig. 3D, v and

vi) by adjusting laser conditions to avoid autofluores-

cence from senescent cells. These results are consistent

4000 3000 2000 1000

 (cm–1)

 BODIPY
 SBB-N3

 Click

2101.7 cm–1

1740.1 cm–1

(A)
i) ii)

2200 2000 1800 1600

 (cm–1)

 BODIPY
 SBB-N3

 Click

2101.7 cm–1

1740.1 cm–1

(B)

0 2 4 6 8 10 12 14 16
Time (min)

BODIPY

SBB-N3

Click

(C)

Fig. 2. (A, i) ATR-FTIR spectrum of

BODIPY, SBB-N3, and the product after

click reaction. (A, ii) ATR-FTIR spectrum

between 2400 and 1500 cm�1 showing the

disappearance of the stretching band of the

azide moiety of SBB-N3 at 2101.7 cm�1

and the appearance of a weak band at

1740.1 cm�1 ascribed to the formed 1,2,3-

triazole heterocycle. (B) HPLC-MS studies

of the click reaction between SBB-N3 and

BODIPY using the selected-ion monitoring

technique. The chromatograms show the

appearance of the click adduct (SBB-N3-

BODIPY) as a unique peak at 13.06 min

after 5 h. The signal at 9.55 min

corresponds to BODIPY, whereas the signal

at 8.90 min is ascribed to SBB-N3. (C)

Values of the molecular ions as m/z

corresponding to the above mentioned

retention times.
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with the lower levels of lipofuscin in proliferating cells

compared to the characteristic higher expression in

senescent cells [15]. To certify the ability of SBB-

N3 + BODIPY to stain senescent cells, proliferative

and senescent cells were also treated with SBB-N3 or

BODIPY as a control. In the case of control cells, any

effect was observed after SBB-N3. However, in the

case of senescent cells, considering the laser conditions

established to discard any possible interference

between autofluorescence and probes, only some aut-

ofluorescence signals were observed, which were com-

pletely masked after SBB-N3 treatment (Fig. S9).

When we treated control or senescent cells with BOD-

IPY, a high fluorescence signal was detected in both

proliferative and senescent cells, thus confirming the

non-specific staining (Fig. S9). Therefore, a clear fluo-

rescence pattern was observed in senescent cells com-

pared to proliferative cells only when SBB-N3-

BODIPY was formed.

In addition, the activity of the SBB-N3-BODIPY

was evaluated in other senescent cellular models,

including triple-negative breast cancer MDA-MB-231

cells, as another cancer model, and WI-38 fibroblasts

derived from lungs as non-cancerous cells. As

Fig. 3. (A) Conventional X-Gal assay for detection of SA-bGal expression in control (i) and palbociclib-treated (ii) SK-Mel-103 cells. SBB-N3

staining for lipofuscin detection in (iii) control and (iv) palbociclib-treated SK-Mel-103 cells. Scale bar = 20 lm. (B) Confocal images of control

SK-Mel-103 cells in the absence or after SBB-N3 + BODIPY treatment. First, cells were incubated with 3.2 mg�mL�1 SBB-N3 (2 h, 37 °C,

20% O2, 5% CO2) and washed 39 with DMEM, then cells were treated with 5 µM BODIPY (1 h, 37 °C, 20% O2, 5% CO2). SK-Mel-103

treated with palbociclib in the absence or after SBB-N3 + BODIPY treatment showing the dotted pattern ascribed to lipofuscin granules.

Scale bar = 20 lm. (C) Quantification of normalized fluorescence observed in the confocal images in SK-Mel-103 cells. (D) Flow cytometry

quantification of the percentage of stained SK-Mel-103 cells in the absence (v) or after (vii) SBB-N3 + BODIPY treatment and palbociclib-

treated SK-Mel-103 cells in the absence (vi) or after (viii) of SBB-N3 + BODIPY treatment. Cells were incubated with 3.2 µg�mL�1 SBB-N3

(2 h, 37 °C, 20% O2, 5% CO2) washed 39 with DMEM, and treated with 5 µM BODIPY (1 h, 37 °C, 20% O2, 5% CO2). The results are

expressed as the mean � SD of three independent studies (n = 3).
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expected, after treatment with palbociclib (5 µM) for

1 week, an increase in cell size and the number of

intracellular vesicles was observed, as well as the over-

expression of the b-galactosidase enzyme, confirmed

by a X-Gal cellular staining assay in both MDA-MB-

231 and WI-38 cells (Fig. 4A,B). The possible toxic-

ity of SBB-N3, BODIPY or combined SBB-

N3 + BODIPY was discarded in proliferating and

senescent cells for both MDA-MB-231 and WI-38 cells

lines. No significant differences were observed in cell

viability after the treatment with the compounds after

48 h, even at high concentrations, compared to

untreated cells (Fig. S7). Finally, the labeling ability of

SBB-N3 + BODIPY, following the two-step procedure

described above, was confirmed via confocal image

assays. Autofluorescence from control and senescent

cells was also discarded. In both cases, a significant

fluorescence pattern was observed in senescent cells

treated with SBB-N3 + BODIPY compared to prolifer-

ative cells. The fluorescence signal was clearly localized

in medium-to-large-sized perinuclear structures or

small granules distributed in the cytoplasm, which is

consistent with lipofuscin staining (Fig. 4A,B). Fur-

thermore, proliferative and senescent cells were treated

with SBB-N3 or the BODIPY as control in both cell

lines (Figs S10 and S11), thus confirming significant

fluorescence staining of senescent cells only when the

complex SBB-N3-BODIPY is formed. The fluorescence

intensity was also quantified using IMAGEJ, showing

an approximately 2.3- and 2.9-fold enhancement of

emission intensity for senescent MDA-MB-231 and

WI-38 cells, respectively, compared to control cells

(Fig. 4C,D).

Overall, these findings confirmed the proper working

of the SPAAC reaction between SBB-N3 and BODIPY

for the fluorescence labeling of senescent cells.

Conclusions

In summary, in the present study, we describe a new

procedure for the detection of senescent cells by lipo-

fuscin labeling using a strain-promoted alkyne-azide

bio-orthogonal cycloaddition. The procedure is based

on the well-known staining of lipofuscin with SBB

dye. The protocol first involves the interaction of the

SBB-N3 derivative (functionalized with an azide moi-

ety) with lipofuscin and then a reaction with BODIPY

(containing a strained cyclooctyne ring) to give a final

SBB-N3-BODIPY adduct. The SPAAC reaction

between SBB-N3 and BODIPY is confirmed by ATR-

FTIR spectroscopy and HPLC-MS measurements.

The possible toxicity of the SBB-N3, BODIPY and

SBB-N3 + BODIPY probe was discarded in both

proliferating and senescent cells. The labeling ability of

SBB-N3 + BODIPY, through SPAAC reaction, was

assessed in human melanoma SK-Mel-103 senescent

cells. Flow cytometry quantification revealed that

senescent cells incubated with SBB-N3 + BODIPY are

positive (approximately 70%) compared to proliferat-

ing cells (approximately 7%). Moreover, senescent SK-

Mel-103 cells treated with SBB-N3 + BODIPY show a

clear bright green emission by confocal microscopy

compared to control cells. Furthermore, the combina-

tion of SBB-N3 + BODIPY was validated in senescent

triple-negative breast cancer MDA-MB-231 cells and

in senescent WI-38 fibroblasts. In both cases, a signifi-

cant fluorescence pattern was only observed in senes-

cent cells treated with SBB-N3 + BODIPY compared

to proliferative cells. This work provides an alternative

new tool for the detection of senescent cells through

lipofuscin labeling, which substantially differs from the

more classical procedures based on the detection of

the overexpression of lysosomal b-galactosidase activ-

ity. In addition, our staining protocol was shown to be

stable, allowing monitoring of fluorescence in living

cells for hours in chemotherapy-induced senescence

cellular models. Further studies are being developed

by us aiming to validate our findings in age-related

models such as young and old primary cultures, as

well as in aged animals.

Materials and methods

Materials

All chemical reagents were purchased from Sigma-Aldrich

(St Louis, MO, USA). On the other hand, anhydrous sol-

vents and phosphate-buffered saline (PBS) were purchased

from Scharlab S.L. (Barcelona, Spain) and used without

further purification. Palbociclib was acquired from Sel-

leckchem (Houston, TX, USA) and DMEM and fetal

bovine serum was purchased from Gibco (Waltham, MA,

USA). Flat-bottom-clear 96-well plates were purchased

from Promega (Madison, WI, USA). HPLC-MS was

recorded with an Agilent 1620 Infinity II HPLC coupled to

a mass spectrometer Agilent Ultivo equipped with a triple

QTOF detector (Agilant, Santa Clara, CA, USA). Fourier-

transform infrared (ATR-FTIR) spectra were recorded

using a Nicolet 6700 instrument (Thermo Scientific,

Walthem, MA, USA) in the range 4000–400 cm�1. 1H- and
13C-NMR spectra were collected on a Bruker FT-NMR

Avance 400 (Bruker, Ettlingen, Germany) spectrometer at

300 K, using tetramethylsilane as internal standard. Lumi-

nescence was collected in a VICTOR Multilabel

Plate Reader (PerkinElmer, Waltham, MA, USA). Confocal

fluorescence images were taken on a TCS SP8 AOBS (Leica,

Wetzlar, Germany). Images were analyzed using IMAGE J.
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Fig. 4. (A) Proliferative and palbociclib treated MDA-MB-231 cells and (B) proliferative and palbociclib treated WI-38 cells. Up: Conventional

X-Gal assay for detection of SA-b-Gal expression. Down: confocal images of proliferative and senescent cells in the absence or after SBB-

N3 + BODIPY treatment. Scale bar = 10 lm. (C) Quantification of fluorescence intensity in MDA-MB-231 cells. (D) Quantification of fluores-

cence intensity in WI-38 cells. The results are expressed as the mean � SD of three independent studies (n = 3).
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Synthesis of (2-methyl-2,3-dihydro-1H-perimidin-

2-yl)methanol (1)

Diaminonaphthalene (1.58 g, 10 mmol) was dissolved in

absolute ethanol (10 mL) and then hydroxyacetone (1.11 g,

15 mmol) was added to the solution. Mixture was heated

at 75 °C under stirring. After 3 h, solvent was removed

under reduced pressure, water (50 mL) was added into the

residue and extracted with dichloromethane (3 9 50 mL).

The organic layer was washed with brine (100 mL) and

dried with sodium sulfate. Solvent was removed to obtain

the pure compound (1) as a dark brown solid in a 91.5%

yield. 1H-NMR (400 MHz, CDCl3) d 7.24 (dd, J = 8.2,

7.3 Hz, 2H), 7.17 (dd, J = 8.3, 0.9 Hz, 2H), 6.52 (dd,

J = 7.2, 1.0 Hz, 2H), 4.37 (s, 1H), 3.57 (s, 2H), 1.49 (s,

3H). 13C-NMR (101 MHz, CDCl3) d 139.55 (2C), 134.73

(1C), 127.19 (2C), 117.75 (2C), 113.22 (2C), 106.70 (1C),

67.21 (1C), 66.77 (1C), 24.89 (1C).

Synthesis of (E)-4-(phenyldiazenyl)naphthalen-1-

amine (2)

Aniline (3.39 g, 36 mmol) was dissolved in a mixture of

HCl : H2O (7 : 10 mL). On the other hand, NaNO2 (2.5 g,

37 mmol) was dissolved in water (2 mL) and added drop-

wise to the aniline solution at 0 °C. After 2 h, the mixture

reaction was neutralized with potassium acetate until pH 6.

Neutralized mixture was added dropwise to a solution of 1-

aminonaphthalene (5.52 g, 38.5 mmol) in a mixture of

HCl : H2O : EtOH (3 : 100 : 12 mL) at 0 °C. The reaction

mixture was stirred at room temperature. After 10 h, the

reaction was neutralized with potassium acetate until pH 8-

9. Product 2 was obtained, as brown dark solid, by precipi-

tation and purification by chromatography column using

dichloromethane as eluent (yield 65%). 1H-NMR

(400 MHz, CDCl3) d 9.06 (d, J = 9.3 Hz, 1H), 7.99 (dd,

J = 5.2, 3.2 Hz, 2H), 7.93 (d, J = 7.9 Hz, 1H), 7.83 (d,

J = 8.9 Hz, 1H), 7.65 (ddd, J = 9.3, 6.4, 1.0 Hz, 1H), 7.58–
7.50 (m, 3H), 7.46–7.41 (m, 1H), 6.83 (d, J = 7.9 Hz, 1H),

4.61 (s, 2H). 13C-NMR (101 MHz, CDCl3) d 153.67 (1C),

146.33 (1C), 140.60 (1C), 133.30 (1C), 129.92 (1C), 129.16

(2C), 127.22 (1C), 125.51 (1C), 124.29 (1C), 122.80 (2C),

122.66 (1C), 120.73 (1C), 113.98 (1C), 109.28 (1C), 107.18

(1C).

Synthesis of (2-methyl-6-[(E)-(4-[(E)-

phenyldiazenyl]naphthalene-1-yl)diazenyl]-2,3-

dihydro1H-perimidin-2-yl)methanol (3)

(E)-4-(phenyldiazenyl)naphthalen-1-amine (2) (0.5 g,

2.02 mmol) was dissolved in dimethylformamide (DMF) :

H2O : HCl mixture (2 : 3 : 0.6 mL) and cooled at 0 °C.
NaNO2 (0.139 g, 2.02 mmol) in water (1 mL) was added

dropwise to the solution of 2. The diazonium salt formed

was stirred for 2 h at 0 °C. (2-methyl-2,3-dihydro-1H-

perimidin-2-yl)methanol (1) (0.428 g, 2 mmol) was dis-

solved in ethanol (2 mL). Diazonium salt was added drop-

wise to the solution of 1 under vigorous stirring at 0 °C.
The solution was stirred at 0 °C for 30 min and then at

room temperature for 90 min. The solution was neutralized

with NaHCO3. The solid was separated by filtration and

washed with cold water. The solid was purified by reverse

phase column chromatography using methanol as eluent.

Product 3 was obtained as purple solid (yield 85%). 1H-

NMR (400 MHz, CDCl3) d 9.11 (s, 1H), 9.07–9.02 (m,

1H), 8.46 (d, J = 8.5 Hz, 1H), 8.15 (d, J = 8.4 Hz, 1H),

8.09 (d, J = 7.4 Hz, 2H), 8.01 (dd, J = 20.3, 8.4 Hz, 2H),

7.76–7.69 (m, 2H), 7.58 (t, J = 7.4 Hz, 2H), 7.54–7.45 (m,

2H), 6.66 (d, J = 7.4 Hz, 1H), 6.62 (d, J = 8.3 Hz, 1H),

3.38 (s, 2H), 1.59 (s, 3H). 13C-NMR (101 MHz, CDCl3) d
153.61 (1C), 153.16 (1C), 150.50 (1C), 150.35 (1C), 147.95

(1C), 147.29 (1C), 140.95 (1C), 139.60 (1C), 133.80 (1C),

132.65 (1C), 131.19 (1C), 129.32 (2C), 127.20 (1C), 126.88

(1C), 124.19 (1C), 123.65 (1C), 123.43 (2C), 119.91

(1C), 116.90 (1C), 113.72 (1C), 112.75 (1C), 112.28 (1C),

107.60 (1C), 106.29 (1C), 67.38 (1C), 67.28 (1C),

51.05 (1C).

Synthesis of SBB-N3

4-Dimethylaminopyridine (20 mg, 0.16 mmol) and N,N’-

dicyclohexylcarbodiimide (110 mg, 0.5 mmol) were dis-

solved in anhydrous CH2Cl2 (10 mL) under an inert atmo-

sphere. The mixture was stirred for 30 min and then 2-

azidoacetic acid (30 µL, 0.4 mmol) was added. Compound

3 (0.220 mg, 0.45 mmol) was dissolved in CH2Cl2 under

inert conditions and was then added dropwise to the 2-

azidoacetic acid solution. The resulting mixture was stirred

for 2 days. The solvent was removed under vacuum and

the crude was purified with reverse phase column using

CH3OH as eluent. The product (SBB-N3) was obtained as

a purple solid (yield 41%). 1H-NMR (400 MHz, CDCl3) d
9.15–9.09 (m, 1H), 9.07–9.01 (m, 1H), 8.46 (d, J = 8.0 Hz,

1H), 8.15 (d, J = 8.3 Hz, 1H), 8.12–8.06 (m, 2H), 8.01 (dd,

J = 20.2, 8.4 Hz, 2H), 7.76–7.70 (m, 2H), 7.58 (t,

J = 7.4 Hz, 2H), 7.54–7.45 (m, 2H), 6.65 (d, J = 6.9 Hz,

1H), 6.61 (d, J = 8.4 Hz, 1H), 4.07 (d, J = 6.9 Hz, 2H),

3.68 (s, 2H), 1.58 (d, J = 7.7 Hz, 3H). 13C-NMR

(101 MHz, CDCl3) d 153.59 (1C), 150.49 (1C), 147.94 (1C),

144.46 (1C), 140.93 (1C), 139.60 (1C), 133.79 (1C), 132.64

(1C), 132.14 (1C), 131.19 (1C), 129.32 (2C), 127.20 (1C),

126.88 (1C), 124.19 (1C), 123.65 (1C), 123.42 (2C), 116.88

(2C), 113.70 (1C), 112.74 (2C), 112.27 (2C), 107.59 (1C),

106.28 (1C), 67.37 (1C), 67.25 (1C), 51.05 (1C), 24.84 (1C).

Synthesis of BODIPY

Fmoc-Trp-BODIPY (100 mg, 0.13 mmol), 1,1,3,3-tetramethyl-

2-[2-oxopyridin-1(2H)-yl]isouronium hexafluorophosphate (189

mg, 0.013 mmol) and N,N-diisopropylethylamine (25.5 µL,
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0.15 mmol) were introduced in a two-neck flask and dis-

solved with anhydrous DMF (5 mL) under an inert atmo-

sphere. The obtained mixture was stirred at room temperature

for 15 min. Then, N-[(1R,8S,9s)-bicyclo[6.1.0]non-4-yn-9-

ylmethyloxycarbonyl]-1,8-diamino-3,6-dioxaoctane (50 mg,

0.15 mmol) was dissolved in anhydrous DMF (5 mL) and was

added dropwise to the Fmoc-Trp-BODIPY solution. The reac-

tion was stirred at room temperature for 24 h and the solvent

was removed under reduce pressure. The crude was purified by

silica column using ethyl acetate : hexane (1 : 1 v/v) as eluent.

The final product (BODIPY) was obtained as a red solid (yield

89%). 1H-NMR (400 MHz, dimethylsulfoxide) d 11.28 (s, 1H),

7.91 (d, J = 8.3 Hz, 1H), 7.88 (d, J = 7.2 Hz, 2H), 7.80 (m,

1H), 7.68 (t, J = 7.4 Hz, 4H), 7.59–7.54 (m, 1H), 7.41 (dd,

J = 11.5, 7.4 Hz, 2H), 7.36 (d, J = 7.6 Hz, 1H), 7.31 (d,

J = 8.3 Hz, 2H), 7.27 (m, 1H), 7.07 (dd, J = 15.6, 7.6 Hz, 2H),

6.95 (dd, J = 14.4, 7.4 Hz, 1H), 4.39–4.31 (m, 1H), 4.18–4.07
(m, 2H), 4.06–3.98 (m, 3H), 3.17 (d, J = 5.3 Hz, 1H), 3.10–3.01
(m, 5H), 2.69 (s, 2H), 2.67 (dt, J = 3.6, 1.8 Hz, 2H), 2.45 (ws,

4H), 2.37 (ws, 2H), 2.33 (dt, J = 3.7, 1.8 Hz, 1H), 2.25–2.12 (m,

4H), 1.99 (s, 1H), 1.44 (m, J = 5.2 Hz, 6H), 1.26 (s, 1H), 1.23

(ws, 1H), 1.17 (t, J = 7.1 Hz, 1H), 1.09 (s, 1H), 1.02 (d,

J = 11.4 Hz, 1H), 0.83 (ddt, J = 17.3, 15.0, 7.4 Hz, 4H). 13C-

NMR (101 MHz, CDCl3) d 207.16 (1C), 171.11 (2C), 157.18

(1C), 155.71 (2C), 143.99 (1C), 143.84 (1C), 143.23 (1C), 143.12

(1C), 141.35 (1C), 141.07 (1C), 136.27 (1C), 135.83 (1C), 134.76

(1C), 133.82 (1C), 131.49 (1C), 131.41 (1C), 130.09 (1C), 129.01

(1C), 128.62 (1C), 128.41 (1C), 127.79 (1C), 127.33 (1C), 127.26

(1C), 127.16 (1C), 126.81 (1C), 125.68 (1C), 125.23 (1C), 122.98

(1C), 121.39 (1C), 120.22 (1C), 120.04 (1C), 119.51 (1C), 118.04

(1C), 111.22 (1C), 110.70 (1C), 108.29 (1C), 98.87 (2C), 70.09

(1C), 70.01 (1C), 69.30 (1C), 67.11 (1C), 63.02 (1C), 55.61 (1C),

47.20 (1C), 40.69 (1C), 39.34 (1C), 38.69 (1C), 30.99 (1C), 29.77

(1C), 29.33 (1C), 29.08 (1C), 28.55 (1C), 24.78 (1C), 23.52 (1C),

21.47 (1C), 20.18 (1C), 17.79 (1C), 14.67 (1C), 14.64 (1C).

Monitoring of the click reaction by HPLC-MS

To confirm the formation of the Click reaction product,

HPLC-MS measurements were carried out. For this pur-

pose, SBB-N3 (2 mg, 3.6 µmol) and BODIPY (2 mg,

1.9 µmol) reagents were dissolved in 360 and 190 µL of

dimethylsulfoxide, respectively, to obtain 10 mM stock solu-

tions of both compounds. Next, 20 µL of stock solutions

of SBB-N3 and BODIPY were diluted in 1 mL of dis-

tilled water, obtaining 200 µM aqueous solutions (dimethyl-

sulfoxide: water, 2 : 98 v/v) of SBB-N3 and BODIPY. In

addition, 10 µL of pure reagents aqueous solution (200 µM)

was dissolved in 500 µL of methanol to obtain pure reagent

solution that was injected into the HPLC-MS. To confirm

the formation of click reaction product, an aqueous solu-

tion of both reagents was heated at 37 °C for 1 h, and

1 mL of the SBB-N3 solution (200 µM) was mixed with

1 mL of the BODIPY solution (200 µM), with the reaction

being maintained at 37 °C for 5 h. Next, 20 µL of crude

reaction was dissolved in 500 µL of methanol. Pure reagent

final solutions (4 µM) and reaction crude (4 µM) were

directly injected into the HPLC-MS using a gradient eluent

method from H2O-acetonitrile (90 : 10 v/v) to H2O-

acetonitrile (90 : 10 v/v) at 10 min with a flow rate

0.4 mL�min�1. Ultraviolet spectra were recorded via an

Agilent 1620 Infinity II photodiode array at 500 nm

(Fig. S6). MS chromatograms were recorded with an Agi-

lent Ultivo mass spectrometer equipped with a triple Q-

TOF detector using the selected ion monitoring function.

Monitoring of the click reaction by ATR-FTIR

To obtain ATR-FTIR spectra, 5 µL of the 10 mM

solutions of SBB-N3 and BODIPY were diluted in

5 mL of distilled water, obtaining aqueous solutions

(dimethylsulfoxide : water, 1 : 99 v /v) of 10 µM for both

products. Next, 5 mL of the BODIPY solution (10 lM,
50 lmol) was mixed with 5 mL of the SBB-N3 solution

(10 lM, 50 lmol) and the reaction was maintained for 2 h

at 37 °C. Finally, the crude reaction was dried. Solid

obtained and pure reagents were analyzed in a Nicolet

6700 instrument (Thermo Scientific) in the range 4000–
400 cm�1, comparing the obtained spectrum with that of

the starting reagents.

Cell lines

Human melanoma SK-Mel-103 cells, human triple-negative

breast cancer MDA-MB-231 cells and human lung fibrob-

lasts WI-38 cells were obtained from the ATCC (Manassas,

VA, USA). Cells were maintained in DMEM, supple-

mented with 10% fetal bovine serum, and incubated in

20% O2 and 5% CO2 at 37 °C. Cells were routinely tested

for contamination using the Mycoplasma tissue culture NI

(MTC-NI) Rapid Detection System (Gen-Probe, San

Diego, CA, USA). For senescence induction, cells were

supplemented for 1 week with media containing 5 µM pal-

bociclib.

In vitro cell viability assays

Proliferative and senescent SK-MEL-103, MDA-MB-231

and WI-38 cells, respectively, were used for cell viability

assays. Control (proliferative) and senescent cells were

placed in flat-bottom-clear 96-well plates at a density of

6000 and 4000 cells per well, respectively. The following

day, cells were treated with serial dilutions of BODIPY,

SBB-N3 or combined SBB-N3 + BODIPY. Viability was

assessed 48 h later with a CellTiter-GLO Luminescent Cell

Viability Assay (Promega) (Fig. S7). Raw data were

obtained by measuring luminescence in a VICTOR Multil-

abel Plate Reader (PerkinElmer). To calculate the percent-

age of viability, in each assay each value was normalized to

the average of the respective control group of proliferative
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(untreated cells) or senescent cells and finally multiply by

100. The results are expressed as the mean � SD of three

independent studies (n = 3). Statistical analysis was per-

formed by applying two-way analysis of variance with mul-

tiple comparisons using PRISM (GraphPad Software Inc.,

San Diego, CA, USA).

b-galactosidase activity and lipofuscin staining

The induction of senescence after palbociclib treatment

in SK-Mel-103 cells was confirmed using a Senescence b-
Galactosidase Staining Kit (#9860; Cell Signaling, Danvers,

MA, USA) in accordance with the manufacturer’s instruc-

tions. In parallel, cells were treated with the Sudan Black B

derivative SBB-N3 (3.2 µg�mL�1) for 2 h to correlate cellu-

lar senescence lipofuscin staining. Cells were observed using

optical microscopy.

Flow cytometry studies

Control and senescent cells were placed in flat-bottom-clear

24-well plates at a density of 30 000 cells per well. Cells

were treated with SBB-N3 solution (3.2 µg�mL�1) for 2 h.

Then cells were washed with DMEM (39) and incubated

for 1 h with serial dilutions of BODIPY from 5 to 15 µM.

Cells were washed again with DMEM (29) and PBS (19),

trypsinized and detached from plates. Then, the cells were

analyzed by flow cytometry and data were acquired using

an FC500 MPL Flow Cytometer (Beckman, Brea, CA,

USA) (Fig. S8).

Confocal microscopy assays

Control and senescent cells were seeded in a 96-well Black

OptiPlate (PerkinElmer) at a concentration of 5000 cells

per well for SK-Mel-103, MDA-MB-231 and WI-38 cells.

After 24 h, cells were treated with SBB-N3 solution

(3.2 µg�mL�1) for 2 h. Next, the cells were washed with

DMEM and then BODIPY at 5 µM was added for 1 h.

Finally, the cells were washed with PBS and then Hoechst

33348 (2 µg�mL�1) was added for nuclei staining. Confocal

fluorescence images were taken on a TCS SP8 AOBS using

488 nm as excitation wavelength. The laser intensity was

set up under conditions in which the autofluorescence of

the senescent cells did not interfere with the fluorescence of

the compound. Images were obtained at 209 magnification,

and the fluorescence intensity was analyzed cell by cell,

from different fields (randomly selected) conformed by 50–
100 cells in each one using IMAGEJ. To calculate the percent-

age of fluorescence intensity, in each assay, we normalized

each value (proliferative and senescent) to the average of

the higher fluorescence signal and finally multiplied by 100.

The results are expressed as the mean � SD of three inde-

pendent studies (n = 3). To obtain images at high magnifi-

cation (639), proliferative and senescent cells were seeded

at a concentration of 250 000 cells per well for SK-Mel-

103, MDA-MB-231 and WI-38 cells. After 24 h, cells were

treated with SBB-N3 solution (3.2 µg�mL�1) for 2 h. Next,

the cells were washed with DMEM and then BODIPY at

5 µM was added for 1 h. Finally, cells were washed with

PBS, coverslips were mounted and Hoechst 33348

(2 µg�mL�1) was added for nuclei staining. Confocal fluo-

rescence images were taken on a TCS SP8 AOBS. The

results showed representative images from three indepen-

dent studies (n = 3).
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Fig. S1. 1H-NMR and 13C-NMR of compound 1.

Fig. S2. 1H-NMR and 13C-NMR of compound 2.

Fig. S3. 1H-NMR and 13C-NMR of compound 3.

Fig. S4. 1H-NMR and 13C-NMR of compound SBB-

N3.

Fig. S5. 1H-NMR and 13C-NMR of compound BOD-

IPY.

Fig. S6. Monitoring of the click reaction by HPLC-

MS.

Fig. S7. In vitro cell viability assay.

Fig. S8. Flow cytometry studies.

Fig. S9. Confocal imaging studies of control and

palbociclib-treated SK-Mel-103 cells.

Fig. S10. Confocal imaging studies of control and

palbociclib-treated MDA-MB-231 cells.

Fig. S11. Confocal imaging studies of control and

palbociclib-treated WI-38 fibroblasts.

12 The FEBS Journal (2022) ª 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

Senescence detection through lipofuscin labeling B. Lozano-Torres et al.


	Outline placeholder
	febs16477-aff-0001
	febs16477-aff-0002
	febs16477-aff-0003
	febs16477-aff-0004

	 Intro�duc�tion
	 Results and dis�cus�sion
	 Syn�the�sis, char�ac�ter�i�za�tion and sens�ing mech�a�nism
	 In&thinsp;vitro val�i�da�tion of the SPAAC reac�tion in dif�fer�ent senes�cent cel�lu�lar mod�els
	febs16477-fig-0001
	febs16477-fig-0002
	febs16477-fig-0003

	 Con�clu�sions
	 Mate�ri�als and meth�ods
	 Mate�ri�als
	febs16477-fig-0004
	 Syn�the�sis of (2-methyl-2,3-di�hy�dro-1H-per�im�idin-2-yl)methanol (1)
	 Syn�the�sis of (E)-4-(phenyl�diazenyl)�naph�thalen-1-amine (2)
	 Syn�the�sis of (2-methyl-6-[(E)-(4-[(E)-phenyl�diazenyl]�naph�thalene-1-yl)�di�azenyl]-2,3-di�hy�dro1H-per�im�idin-2-yl)methanol (3)
	 Syn�the�sis of SBB-N3
	 Syn�the�sis of BODIPY
	 Mon�i�tor�ing of the click reac�tion by HPLC-MS
	 Mon�i�tor�ing of the click reac�tion by ATR-FTIR
	 Cell lines
	 In&thinsp;vitro cell via�bil�ity assays
	 &bgr;-galac�tosi�dase activ�ity and lipo�fus�cin stain�ing
	 Flow cytom�e�try stud�ies
	 Con�fo�cal microscopy assays

	 Acknowl�edge�ments
	 Con�flicts of inter�est
	 Author con�tri�bu�tions
	 Peer review
	febs16477-bib-0001
	febs16477-bib-0002
	febs16477-bib-0003
	febs16477-bib-0004
	febs16477-bib-0005
	febs16477-bib-0006
	febs16477-bib-0007
	febs16477-bib-0008
	febs16477-bib-0009
	febs16477-bib-0010
	febs16477-bib-0011
	febs16477-bib-0012
	febs16477-bib-0013
	febs16477-bib-0014
	febs16477-bib-0015
	febs16477-bib-0016
	febs16477-bib-0017
	febs16477-bib-0018
	febs16477-bib-0019
	febs16477-bib-0020
	febs16477-bib-0021
	febs16477-bib-0022
	febs16477-bib-0023
	febs16477-bib-0024
	febs16477-bib-0025
	febs16477-bib-0026
	febs16477-bib-0027
	febs16477-bib-0028
	febs16477-bib-0029
	febs16477-bib-0030
	febs16477-bib-0031
	febs16477-bib-0032
	febs16477-bib-0033
	febs16477-bib-0034
	febs16477-bib-0035
	febs16477-bib-0036
	febs16477-bib-0037


