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ABSTRACT: Late endosomes are a major trafficking hub
in the cell at the crossroads between endocytosis,
autophagy, and degradation in lysosomes. Herein is
disclosed the first small molecule allowing their selective
imaging and monitoring in the form of a diazaoxa-
triangulene fluorophore, 1a (hexadecyl side chain). The
compound is prepared in three steps from a simple
carbenium precursor. In nanospheres, this pH-sensitive
(pKa = 7.3), photochemically stable dye fluoresces in the
red part of visible light (601 and 578 nm, acid and basic
forms, respectively) with a quantum yield between 14 and
16% and an excited-state lifetime of 7.7−7.8 ns.
Importantly, the protonated form 1a·H+ provokes a
specific staining of late endosome compartments (pH
5.0−5.5) after 5 h of incubation with HeLa cells. Not
surprisingly, this late endosome marking depends on the
intra-organelle pH, and changing the nature of the
lipophilic chain provokes a loss of selectivity. Interestingly,
fixation of the fluorophore is readily achieved with
paraformaldehyde, giving the possibility to image both
live and fixed cells.

Endocytosis,1 the uptake of extracellular materials by cells,
regulates fundamental cellular processes, including nu-

trient uptake and cholesterol homeostasis, immunity, signaling,
adhesion, membrane turnover, and development. Conse-
quently, the dysfunction of endocytotic organelles is associated
with a number of diseases, in particular lysosomal storage
disorders.2 Endocytotic organelles, such as lysosomes, are thus
intensively studied.3 Their identification and characterization is
usually achieved by fluorescence microscopy using antibodies
coupled to fluorophores4 or ectopically expressed proteins
coupled to intrinsically fluorescent and genetically modified
proteins (e.g., green fluorescent protein).5 There is a growing
need for rapid and noninvasive protocols based on small
molecules (MW <500−600) to complement these techniques,
for instance, for turn-on fluorescence or ratiomeric assays,6 yet
specificity is not easily obtained with small molecules. One of
the main challenges is to achieve selective detection and
imaging of the organelle of interest.7 Herein, in a new
development using lipophilic pH-sensitive diazaoxatriangulenes
of type 1 (Figure 1 and Scheme 1), we report that late
endosomes can be monitored selectively. These compounds,

prepared in three steps from a simple carbenium precursor, are
chemically and photochemically stable in micellar nanospheres
in contact with water. Fluorescence occurs in the red part of the
visible region (578−601 nm) with quantum yields varying from
13 to 16% and excited-state lifetimes between 6.5 and 7.8 ns.
Interestingly, fixation of the fluorophore is readily achieved with
paraformaldehyde, making it possible to image both live and
fixed cells. All the data point to the importance of the basic
nitrogen atom (pKa = 7.3 in CTAB nanospheres for 1a·H+) for
both late endosome selectivity and fluorophore fixing.
In mammalian cells, all internalized molecules are delivered

to early endosomes.1b From there, some lipids and proteins,
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Figure 1. (Top) pH-sensitive diazaoxatriangulene for late endosome
staining: cationic 1a·H+ (hexadecyl side chain) and conjugated base
1a. (Bottom) Previously reported cationic triangulene fluorophores (R
= alkyl, aryl).

Scheme 1. Synthesis of Diazaoxatriangulenes Salts 1a

aReagents and conditions: (a) RNH2 (3 equiv), CH3CN, R = C16H33
or C3H7, 23 °C, 30 min or R = C6H5, 50 °C, 40 h; (b) H2NNH2·H2O
(25 equiv), 90 °C, 14 h; (c) molten pyrH+Cl− (50 equiv), 150 °C, 4 h,
then salt metathesis with a 2 M KPF6 solution; (d) basification with
NaHCO3(aq) and then acidification with CF3CO2H (TFA, 1 M, aq).
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e.g., housekeeping receptors, are returned to the plasma
membrane for re-utilization, while others, e.g., activated
signaling receptors, are routed toward late endosomes and
lysosomes for degradation. Late endosomes also function at a
crossroad with autophagy, a pathway for the degradation and
turnover of organelles and other cytosolic materials. The early
endosome is acidified to pH ∼6.2 by the V-ATPase, allowing
the uncoupling of bound ligands from their receptors.8 By
contrast, late endocytic organelles, late endosomes, and
lysosomes are more acidic, with a luminal pH ∼5.0−5.5,
which is required for the full activation of lysosomal hydrolases.
Previously, cationic triangulenes 2−5 (Figure 1) were studied

for their impressive carbenium stability (pKR+ up to 23) and the
variety of their chemical and (photo)physical properties.9,10 A
large range of applications from material sciences to biology
have been developed.9 In terms of bioimaging, lipophilic
variants of 3 and 4 were studied with biorelevant DOPC
vesicles.11 In view of this result, it was decided to test
triangulenes for organelle imaging and, to achieve high
selectivity, to use the intra-organelle pH as a means for
distinction.4,12 However, as classical cationic triangulenes 2−5
are stable under acidic conditions and unresponsive to pH
variations (2 < pH < 8), it was unlikely that these core
structures would offer selectivity. Modifications were looked
for, and derivatives 1a, 1b, and 1c, containing a basic N-atom,
were targeted (Scheme 1, R = hexadecyl, phenyl, and propyl,
respectively). The synthesis was achieved in only three steps.
Simple treatment of tris(2,6-dimethoxybenzene)methyl cation
6 with hexadecylamine, aniline, or propylamine, followed by
reaction at 90 °C with excess hydrazine monohydrate, afforded
7a−c.13 Dissolution of these precursors in molten pyridinium
hydrochloride (150 °C, 4 h) afforded the O-ring closure.
Compounds 1a−c were then isolated as their hexafluoro-
phosphate salts after salt metathesis in modest to excellent
yields (36−94%).
The optical properties of triangulene compounds as a

function of acidity were characterized by absorption and
fluorescence spectroscopy. Due to their high aromaticity and
hydrophobicity, resulting in poor solubility and aggregation and
subsequent precipitation of the neutral forms of 1a−c in water,
the compounds were incorporated into the hydrophobic core of
polymeric nanospheres by a precipitation method reported
earlier.14 In addition to the functionalized triangulenes, the
nanospheres were doped with lipophilic ion-exchanger
dissolved in the nonpolar solvent bis(2-ethylhexyl) sebacate
(Table S1). The protonation equilibrium is governed by ion
exchange; see Scheme S1 and text in the Supporting
Information (SI) for details.15

UV/vis and fluorescence spectroscopic analyses of the
compounds were carried out between 300 and 800 nm over
a broad pH range. To our satisfaction, protonation strongly
affected the electronic structure and led to significant changes
in the absorption and emission spectra (Figure 2A,B).16 Similar
spectral shifts were observed previously with a monoaza-
triangulenium compound.10a A loss of vibronic structure and a
red shift of both absorption and emission bands are observed
upon protonation of the neutral form. The mirror-image
symmetry of absorption and fluorescence spectra indicates one
emissive state.17 The aliphatic or aromatic nature of the side
chain (R) has very little effect on the absorption spectra of the
neutral forms (see Figures S11−S13); a similar lack of influence
had been noticed in the quinacridines series 7.13

Figure 2C depicts the pH dependence of the absorption
spectra (300−800 nm), and Figure 2D shows the specific
absorbance at 575 nm for 1a. The titration curves were
analyzed assuming one acid/base equilibrium according to eq 2
in the SI. The pKa values were determined using a recently
introduced approach and are summarized in Table S2.18

Electronic absorption spectra collected at different pH values
for all examined triangulene compounds are shown in Figures
S2−S4. The normalized absorbance changes with pH were
corroborated with ion-exchange theory as explained in detail in
the SI (Figures S5−S10).15 Interestingly, the nature of the
nitrogen substituent has an influence on the acidity: changing
the hexadecyl chain (1a) to a phenyl or propyl group increases
the pKa value from 7.3 to 7.8 and 8.4 for 1a·H+, 1b·H+, and 1c·
H+, respectively, for the micellar system but decreases it from
9.5 to 9.3 and 8.5 for the pluronic F-127 system.19 The
differences in pKa values for the two systems are ascribed to the
solvent nature of the nanospheres.
The neutral diazaoxatriangulenes 1a,b fluorescence near 580

nm, with a quantum yield (ΦF) of 14% in micellar solution
(Table S3). These ΦF values are higher in organic solvents,
varying between 20 and 40% (Table S3). Upon protonation,
the emission band shifts to longer wavelength and peaks around
600 nm, yet protonation has a negligible effect on ΦF of 1a,b in
the micellar solution.20

The fluorescence decays of protonated and neutral forms of
1a,b were recorded at the maxima of emission bands by time-
correlated single-photon counting upon excitation at 375 nm.
These fluorescence decays could be well reproduced using a
monoexponential function (Figure S15) with the time
constants (τF) listed in Table S3 for organic solvents. Both
ΦF and τF values are higher for organic solvents than for
micellar solutions. Significant isotopic effect indicates partic-
ipation of intermolecular H-bonds in the acceleration of the
nonradiative decay of the excited state for diazaoxa-
triangulenes.13,21 The photochemical stability of the protonated

Figure 2. Electronic absorption (blue) and fluorescence (black)
spectra recorded for ion-selective nanospheres encapsulating 1a in
CTAB (NP2, see SI) in aqueous solutions at pH 2.0 (A) and 11.5 (B).
Electronic absorption spectra at different pH (C) and ion-exchange
dosage curve (D) fitted with eq 2 (see SI).
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and neutral forms of 1a in acetonitrile was tested under
anaerobic and aerobic conditions (Figure S16).22

With this information in hand, we examined the solubility of
diazaoxatriangulenes [1·H+][PF6] in biorelevant phosphate-
buffered saline (PBS). Not too surprisingly, precipitation of the
dyes was observed. This problem was partially solved by an
anion-exchange metathesis. In fact, water-soluble fluorophores
were obtained as protonated trifluoroacetate (TFA) salts.
However, significant precipitation of the neutral form of dye
could be observed after 1 h of staining in PBS solution at 0.3
mM concentration.23 All derivatives [1·H+][PF6] were
converted in good yields (90−98%) to their corresponding
TFA salts [1·H+][TFA] by washing with 1 M solutions of
NaHCO3 and subsequent acidification with CF3CO2H acid
(Scheme S3).
Finally, to evaluate our initial hypothesis, HeLa cells were

treated with the three salts [1·H+][TFA]. Only with the more
lipophilic derivative 1a (R = C16H33) was a characteristic
punctate staining observed by fluorescence microscopy (Figure
3A; nuclei are stained with DAPI). The fluorophore labeling
colocalized to a very large extent with well-established markers
of late endocytic compartments, the unconventional phospho-
lipid lysobisphosphatidic acid (LBPA) detected with a
monoclonal antibody and the transmembrane protein
LAMP1.1b It is worth noting that 1a staining intensity
compares very nicely with that of LAMP1a very abundant
and highly antigenic component of late endocytic membranes.
The staining was highly specific since little, if any, 1a was found
in structures lacking LBPA or LAMP1. Moreover, no
colocalization could be observed between 1a and the early
endosomal marker EEA1 (Figure 3B).24 After endosome
segmentation and automated analysis, precise quantification
of individual endosomes labeled with LAMP1 (90 × 103

endosomes in 2500 cells) or EEA1 (22 × 103 endosomes in
2100 cells) shows that 1a is far more abundant in the former
than in the latter endosomes (Figure 3D). Consistently a
scatter plot of Ia integrated intensity per endosome correlates
with the integrated intensity of the late (LAMP1) but not the
early (EEA1) endosomal marker (Figure S23).
These data show that 1a serves as a selective marker of late

endocytic organelles. In fact, the staining was abolished after
neutralization of the endosomal pH with the protonophore
ionomycin, or with inhibitors of the V-ATPase8a concanamycin
B or bafilomycin A1 (Figure 3C), demonstrating that 1a
accumulation is strictly dependent on the acidic environment of
late endocytic organelles.25 Upon protonation, 1a·H+ loses the
capacity to freely cross membranes and accumulates in the
acidic endosome lumen like other lysosomotropic compounds
originally described by Christian de Duve.26 While 1a staining
is easily detected without fixation in living cells (Figure 3C), the
staining pattern was interestingly retained after fixation in
paraformaldehyde (PFA) (Figure 3A,B). Hence, not only is 1a
selective for late endosomes, but, in contrast to most
lysosomotropic dyes, it also serves as a fixable reporter of the
pH in this organelle. In terms of photochemical stability, 1a
compares nicely with the other dyes used in this study, in vitro
(Figure 3A,B) or in vivo (Figure 3C); this in accordance with
recent studies using triangulenium dyes as cellular stains.27

Finally, the dye is broadly applicable to any cell type with acidic
late endosomes and lysosomes (Figure 3A−D in HeLa cells
derived from a cervical cancer; Figure 3E shows A431 cells
derived from epidermoid carcinoma), including all animal cells,
and is compatible with most staining protocols and other

biological markers (e.g., vital stains, antibodies, fluorescent
proteins). To understand the molecular basis of this useful
fixation mechanism, an experiment was performed. Compound
1a (basic form) was added to a PBS solution containing 4%
PFA. Interestingly, after only 10 min, a complete trans-
formation of the UV/vis spectrum was achieved (Figure S20).
The resulting spectrum is virtually superimposable to that of
1a·H+, despite the lack of pH change. This strongly indicates
quaternization of the sp2 nitrogen upon the addition of PFA. In
fact, it is likely that a reaction between 1a and PFA occurs to
yield the corresponding pyridinium carbinol derivative; such

Figure 3. (A) HeLa cells treated with 50 μM solutions of [1a·
H+][TFA] for 5 h and fixed in PFA. The cells were then labeled with
antibodies to LBPA and Lamp1, and then with secondary antibodies,
and analyzed by fluorescence microscopy. Nuclei are stained with
DAPI. (B) HeLa cells treated with 300 μM solutions of [1a·H+][TFA]
for 18 h were processed and analyzed as above using antibodies to
EEA1. (C) HeLa cells treated for 3 h with 30 μM solutions of [1a·
H+][TFA] together with 1 μM ionomycin, 0.1 μM concanamycin B, or
1 μM bafilomycin A were analyzed live, without fixation, by
fluorescence microscopy. (D) 1a signal intensity quantification in
Lamp1 or EEA1 masks. (E) A431 cells treated with 1a and imaged
under the same conditions.
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species are well established.28 The resulting mixture displays the
same absorption spectrum as 1a·H+.
In conclusion, we have shown that a diazaoxatriangulene

fluorophore, readily prepared in three steps, allows selective
imaging and monitoring of late endosomes. In water,
luminescence is observed in the red part of visible light
(>578 nm), with effective quantum yields (14−16%) and
excited-state lifetimes (∼7.7 ns). The late endosome marking
depends on the intraorganelle pH. Furthermore, fixation of the
fluorophore is readily achieved with paraformaldehyde, giving
the possibility to image both live and fixed cells.
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