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ABSTRACT: Novel pH probes based on 2-(6-methoxynaphthalen-2-yl)-3,3-dimethyl-
3H-indole have been synthesized and characterized. These compounds display excellent
“off—on” fluorescence responses to acidic pH especially under two-photon (TP) excitation
conditions as well as strong selectivity and sensitivity toward H'. These features are
supported by fluorescence quantum yields over 35%, TP cross sections ~60 GM, and
good resistance to photodegradation under acidic conditions. The synthetic versatility of
this model allows subcellular targets to be tuned through minor scaffold modifications
without affecting its optical characteristics. The effectiveness of the probes’ innate
photophysical properties and the structural modifications for different pH-related

applications are demonstrated in mouse embryonic fibroblast cells.
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B INTRODUCTION

Intracellular pH is an important aspect of biological processes
whose accurate control underpins cellular and animal
functions. Many processes, such as cellular proliferation and
apoptosis,1 enzymatic activity,2 muscle contraction,” and ion
transport,” are intimately related to pH. Likewise, the activity
of many subcellular organelles depends on regulating their
local pH. Lysosomes are recognized as the most acidic of all
organelles. Their internal pH usually ranges from 4.5 to 5.0,
with this being essential for their role in cellular homeostasis.”
Abnormal pH severely affects the proper performance of most
biological processes. Acidic pH is also commonly associated
with diverse kinds of diseases, including cystic fibrosis,®
Alzheimer’s disease,” cancer,® and lysosomal storage disor-
ders.” Thus, monitoring pH changes is a crucial part of
following physiological and pathological processes. Fluores-
cence-based molecular imaging has emerged as a powerful
technique for biological pH studies and clinical diagnosis,
complementing, or even replacing, traditional methods such as
nuclear magnetic resonance (NMR)'? or microelectrodes."’
Fluorescence imaging offers advantages ranging from opera-
tional simplicity, high sensitivity, and excellent temporal
resolution to its noninvasiveness. These advantages can be
further enhanced when combined with two-photon (TP)
microscopy. TP microscopy uses the excitation window for
biological imaging (700—1000 nm) that reduces scattering and
absorption in organic samples. These near-infrared (NIR)
excitation wavelengths also result in lower phototoxicity and
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lower biomacromolecule autofluorescence. To date, a wide
variety of structural models has been devised for pH
bioimaging, mainly focusing on one-photon (OP) probes."”~"*
Although some developments into TP pH sensors have been
described recently,'*™*® there is still significant room for
improvement in terms of designing effective TP fluorescent
pH-sensitive probes. An overview of TP probes described so
far in the literature is summarized in the Supporting
Information. It is worth noting that the novel dyes reported
here not only combine the necessary optical properties to act
as acidic pH biosensors but also represent a new flexible dye
platform. In contrast to other similar fluorophores, their
scaffold can be easily adapted for other uses via straightforward
modifications to their molecular architecture.

The recently reported TP-optimized hydroxyl radical sensor
constitutes the starting point of this work.”” Inspired by its
molecular architecture, here we describe two pH (off/on)
probes based on our previously prepared 2-(6-methoxynaph-
thalen-2-yl)-3,3-dimethyl-3H-indole. Although the acid—base
properties of the indolenine ring have been studied in a recent
pH sensor,” it was conceived and tested for OP microscopy.
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In this work, we have removed the 7 bridge between the donor
and the acceptor units to avoid undesirable photochemical
processes. Their structure was also specifically chosen to be
optimal for biphotonic excitation. Under TP excitation
conditions, the probes normally exist in a neutral non-
fluorescent “off” state. However, upon conversion to a
protonated “on” state, fluorescence can be readily detected
under the same TP excitation conditions. The common
scaffold displays a remarkable degree of synthetic versatility
such that it can be modified for different applications without
affecting its optical properties. The appropriate selection of
substituents allows biological targeting to be effectively
controlled, as confirmed by experiments using cultured cells,
thus demonstrating the effectiveness of these probes for a
range of pH bioimaging applications.

B RESULTS AND DISCUSSION

Design and Synthesis of Compounds 4b,c. Indolenines
4a and 4b were prepared via the Fisher indole synthesis with
phenylhydrazine hydrochloride and ketones 3a and 3b. These
compounds (3a,b) were obtained from Williams’ coupling
reaction of the naphtol 2 with the corresponding dibromo or
tosyl derivatives. Finally, the substitution of the bromo in 4a
with morpholine generated probe 4c (Scheme 1). All

Scheme 1. Synthesis of Probes 4b,c
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compounds were efficiently obtained in moderate to high
yields (74—91%). All synthesized chemical structures were
confirmed from their monodimensional and bidimensional
NMR spectra and MS data (see the Supporting Information).

UV-Vis Absorption and Fluorescence Properties of
Compounds 4b,c. The photophysical properties of com-
pounds 4b,c were fully characterized in terms of their
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absorption and emission spectra in different solvents (Table
1 and Figure S1 in the Supporting Information). Absorption
maxima are located in a narrow wavelength interval between
332 and 338 nm with no significant influence from solvent
polarity. In contrast, the fluorescence emission bands are
greatly affected by this factor. Fluorescence maxima move from
412 to 438 nm into the blue-cyan spectral region, thus
displaying a significant positive bathochromic effect. These
solvatofluorochromic properties reveal a higher dipolar mo-
ment in the excited state in comparison to the ground state
one. This solvent-dependent behavior also points to the
presence of an ICT in these molecules. These properties are
complemented by the combination of moderate fluorescence
quantum yields (ca. 0.10—0.14) and a strong Stokes shift of up
to 6790—6843 cm™' (Table 1). Of particular interest is the
absence of significant differences between the photophysical
properties of these compounds, indicating that only the oxygen
atom is involved in the push—pull system.

Optical Responses of Compounds 4b,c to pH and
pKa Determination. Absorption and emission spectra were
recorded in a hydrochloric acid solution (pH 1.22) (Table 1).
As expected, nitrogen quaternization increases the electron-
acceptor character of the indoliminium unit. This results in a
more pronounced ICT character when the probes are
protonated. This is demonstrated by the fact that the
absorption bands are redshifted to approximately 400 nm for
compounds 4b + H" and 4c + H'. Emission band maxima are
also redshifted to 500 nm, a displacement of ~60 nm
compared to their neutral forms.

Moreover, the improvement in the electron-withdrawing
feature of the indolenine ring is associated with a remarkable
fourfold increase in fluorescence quantum yields versus the
neutral forms. This increase is accompanied with somewhat
reduced Stokes shifts, although still exhibiting values of up to
4938 cm™!' (Table 1). The progressive bathochromic shift in
the absorbance band when the solution turns acidic is shown in
Figure la for compound 4b (see Figure S2a in the Supporting
Information for compound 4c). This acid—base equilibrium is
well illustrated by the sigmoidal fitting of absorbance with pH
variation. Using the Henderson—Hasselbach mass-type equa-
tion, the pK, was determined as 3.52 for both 4b and 4c
(Table 1). Taking into account the fluorescence data (Figure
1b and Figure S2b in the Supporting Information), pK, values
were measured at 3.61 and 3.65, respectively. These results are
consistent with previous studies into the acid—base properties
of nitrogen heterocyclic compounds where no appreciable
difference in the acidity character of the molecules is observed
regardless of whether they are in ground or excited states.”**
Additionally, the absorption and emission properties of both
probes exhibit good linearity in the range of pH 2.50—4.50.

To look deeper into the photophysics of these compounds,
DFT and TD-DFT calculations were performed (see
experimental details). As the alkoxy chain has no influence
on the experimental photophysical properties, 2-(6-methox-
ynaphthalen-2-yl)-3,3-dimethyl-3H-indole was used as a
reference model in the calculations.

In both neutral and protonated forms, the main electronic
transition is S; < S,. This transition has a z—z* character and
solely involves the HOMO and LUMO frontier orbitals (Table
S1 and Figure S3 in the Supporting Information). In the
neutral form, the HOMO is a 7 orbital while the LUMO is a
7* orbital with the electron density mainly located on the
imine moiety. Protonation of the indolenine moiety improves
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Table 1. Photophysical Properties of Compounds 4b,c (10 #M, Air Equilibrated Solutions) in Neutral and Acidic Conditions

compound solvent
4b THF
DCM
MeOH
H,0
4b + H* HCY
4c THF
DCM
MeOH
H,0
4c + H HCY

Agbs (nm)*

338
332
337
337
402
338
332
337
337
401

Ao (nm)?
413
415
423
438
500
412
415
423
437
500

£y (MT! cm ™)

20,270
27,356
23,646
17,355
21,338
29,358
28,312
27,687
24,461

Stokes shift(cm™)¢ @, (%)? & (GM)(800 nm) pK, (abs)  pK, (em)
5373 1.3 3.52 3.61
6024 1.7
6033 2.2
6843 9.9
4876 349 57
5314 2.2 3.52 3.65
6024 33
6033 3.2
6790 14.0
4938 40.8 61

25,150

“Longest-wavelength absorption maximum. “Fluorescence emission maximum. “The Stokes shift as the difference between the maxima of the
wavenumber-converted absorption and emission spectra. “Fluorescence emission quantum yield. “TP absorption cross sections measured at 800

nm. HCI aqueous solution (0.06 M, pH 1.22).
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Figure 1. Absorption (row (a)) and emission (row (b)) spectra of compound 4b at different pH values. Plot of absorbance (at 402 nm, row (a))
and emission (at 500 nm, row (b)) versus the pH value (mean of three independent experiments). Representation of the Henderson—Hasselbach
mass equation for the absorbance (row (a)) and emission (row (b)) data. The pH was modified from 1.22 to 6.64.

the iminium’s electron-withdrawing properties thus reducing
HOMO electronic density on its carbon atom (Figure S3 in
the Supporting Information). The LUMO now becomes a
centered 7* orbital that is spread out over the iminium group.
The energies of both the LUMO and HOMO are decreased in
the protonated iminium versus the neutral imine. Band gap
energies between these orbitals also become lower (Figure S3
in the Supporting Information), consistent with the redshift
observed in the experimental absorption and emission spectra.

Proton lon Sensing Mechanism. '"H NMR was used to
corroborate the connection between the changes in the
photophysical properties and quaternization of the indolenine
ring nitrogen. To this end, we performed a controlled addition
of trifluoroacetic acid (TFA) to 4b,c solutions and recorded
the spectra.

Addition of 1 equiv of TFA to 4c shifted the morpholine
moiety signals downfield, confirming the higher basicity of the
morpholine ring nitrogen (Figure 2). The addition of a second
equivalent of acid yielded the iminium ion formation, and this
addresses important deshielding effects in the aromatic region.
Importantly, the signal of H,,,,,; is downfield-shifted from 8.61
to 8.75 ppm.

In addition to changes to the aromatic region, we found that
the aliphatic part was also affected. The signal associated with
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the dimethyl protons was also greatly displaced from 1.64 to
1.73 ppm (Figure 2). The further addition of more TFA
equivalents did not result in any changes to the spectra. In
compound 4b, only its aromatic region was affected by the
addition of TFA, eliminating the possibility of other pH-
sensitive positions. (Figure S4 in the Supporting Information).

Selectivity, Reversibility, and Photostability Studies.
The selectivity of 4b and 4c toward H® over other
physiologically important metal ions (Na’, K* and Ca®
among others) at pH 1.22 and 7.00 was tested. Our results
found that only protons affect these compounds (Figure SS in
the Supporting Information), showing that these probes have &
high specificity for this species.

This desirable feature is accompanied by an excellent
reversible response to pH, displaying an almost negligible
decrease in emission intensity (Figure S6 in the Supporting
Information). Moreover, compounds 4b,c exhibit strong
photostability under neutral or acid conditions, maintaining
their emission at 500 nm only in acidic environments. Further,
the absence of appreciable emission in neutral conditions
under continuous irradiation also corroborates the lack of
photochemical processes that could disturb the photophysics
of these compounds (Figure S7 in the Supporting
Information).
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Figure 2. 'H NMR spectra in DMSO-d, (aromatic and aliphatic regions) of probe 4c before (lower row) and after the addition of 1 (middle row)
and 2 equiv (upper row) of trifluoroacetic acid.

Two-Photon Absorption Properties. The absence of a) o,
pronounced solvatochromic effects in the absorption bands of 5701 S O O(CH,CHO)EL
these compounds in their neutral forms precludes detection S 60 O
using the typical NIR wavelengths of TP microscopy. £ 50 1
However, when they are exposed to an acidic environment, .E 40
an important bathochromic shift is observed in both their 5307
- CH.
absorption and emission bands, as described above. This g 20 OO O(CH,CH,0)E1
absorption band displacement is crucial for using these g 107
compounds with TP microscopy. Following the method of 0700 750 800 850 900 950 1000
two-photon-induced fluorescence,> we investigated TP Wavelength (nm)
absorption properties between 700 and 1000 nm of these 70 23
1 . b) <
compounds. Considering the emission profile of the 60 2517
2=
protonated dyes, excitation spectra were recorded, measuring 50 f/"\v.\ g,
fluorescence between 450 and 600 nm. The spectra for = 10 \ :3'1’505
compounds 4b and 4b + H* (Figure 3a) reflect the off—on 5 /, o5 10 15 20
1 Py 30 \o/ Log (Laser Power)
nature of these probes (see Figure S8 for compound 4c). No © v \ .
L. K i 7 et —¢— 4b+H
emission was recorded from the off forms under biphotonic 20 ~\ 4c+H
excitation, clearly indicating the protonated species (the on 10 'F,\
forms) as the TP-active derivatives. The energies of the o ; ] . s s s
excitation and emission processes in TP conditions point to S, 710 760 810 860 910 960
L. Wavelength (nm)
and S, as the central characters of these transitions. The
emission recorded by TP excitation displays a maximum at 505 Figure 3. (a) TP excitation spectra of compounds 4d (blue) and 4d +
nm for compounds 4b,c. This value agrees with those obtained H'(red). (b) Protonated probe cross sections. Inset, upper-right,

indicates the double-logarithmic plot of emission maximum intensity
versus laser power. Slopes 1.9 and 1.8 were obtained for the indicated
compounds.

by OP excitation.

The cross sections of the protonated compounds were
determined by comparison with rhodamine B as a reference,
reaching values of ~60 GM at 800 nm (Figure 3b). The linear
relationship in the double-logarithmic plot of emission
intensity versus laser power yields slopes of approximately
2.0, confirming the two-photon absorption event.

Two-Photon Fluorescence Cell Imaging. The toxicity of

To test the usefulness of 4b and 4c for live cell imaging, we
performed TP microscopy experiments using MEF cells.
Negative control cells, without 4b or 4c, did not show
significant background fluorescence (see Figure S10 in the
Supporting Information).

dyes 4b and 4c against mouse embryonic fibroblast cells Probe 4b was conceived as a general-purpose cellular pH
(MEFs) was assessed using a WST-1 cell proliferation assay probe without organelle-specific targeting. Its carbitol moiety
over 24 h. In both cases, the probes had no significant effect on was selected to aid solubility while allowing it to cross cellular
cellular proliferation at concentrations of up to 10 uM (Figure membranes efficiently. This molecular architecture was
S9 in the Supporting Information), indicating low cytotoxicity designed to allow intracellular pH fluctuations to be followed
to MEFs. by measuring changes in fluorescence. In a pH 7.40
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environment, live 4b-treated MEFs (Figure 4a,a’ and Figure
S1la,a’) exhibited fluorescence at localized cytoplasmic

pH 7.40

pH 3.30 pH 4.30

Mean Fluoroescence
Intensity (a.u.)

pH7.40 pH4.30 pH3.30

Figure 4. (a—c) Fluorescence images of probe 4b (107> M, TP
excitation: A, = 800 nm, 4., = 500—550 nm) and (a’—c’) merged
with the brightfield in MEF cells at different pH values (7.4, 4.3, and
3.3). (d) Mean fluorescence intensity determined from six
independent measures. (e) Colocalization-merged images at pH 4.3
of compound 4b (green) and Lysotracker Deep Red (red).
Intracellular pH was adjusted using a citrate/phosphate buffer and
nigericin, as detailed in the Supporting Information. Scale bar: 10 ym

regions. Since acidic environments are required to convert
the probes into their emissive forms under TP excitation, it
suggests that the observed intracellular fluorescence occurred
in acidic organelles, most likely lysosomes. Next, we used a
treatment with nigericin and KCI to induce a global change in
intracellular pH.>"** When pH decreased from 7.40 to 3.30, a
gradual increase in cytoplasmic fluorescence was observed in
parallel with the previously described cytoplasmic spots
(Figure 4a—d and Figure S1la—c’). Treatment of MEF cells
with a lysosome-specific probe (Lysotracker Deep Red) as a
counterstain to 4b (Figure 4e) at pH 4.3 suggests that almost
all 4b fluorescence colocalized with the lysosome-specific
probe with appreciable signal in other cytoplasmic regions.

Tertiary amines are commonly considered lysosomotropic
agents based on the acquisition of positive charge at a low
pH.’® As the inner membrane of the lysosome restricts the
exchange of positively charged species, protonation results in
their confinement inside these organelles.
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We reasoned that the incorporation of a morpholine group
in 4c¢ exerts a similar lysosome-anchoring activity. In contrast,
the absence of this structural motif in 4b should favor its
diffusion throughout the cell. Thus, in contrast to 4b,
compound 4c¢ can be described as a “lysosensor”. To test its
lysosome-targeting ability, co-incubated cells were incubated at
a physiological pH. As expected, bright green fluorescence was
detected in discrete cytoplasmic regions after treatment with
4c (Figure Sa). To corroborate the subcellular accumulation of

d 1751

—— Lysotracker Deep Red
—— Probe 4c
~ 150
3
& 1254
2
% 1004
c
£ 751
£ 50-
w
254
0
0 5 10 15 20 25 30 35

Distance (um)

Figure 5. Colocalization images of MEF cells stained with (a) probe
4c (10 uM, TP excitation: A, = 800 nm, 4., = 500—550 nm) and
(b) Lysotracker Deep Red (50 nM, OP excitation: A, = 633 nm, A,
= 709—791 nm). (c) Colocalization-merged images: 4ab and
brightfield. (d) Emission intensity profile plots along the blue lines
of probe 4c and Lysotracker Deep Red in MEF cells. Scale bar: 10 ym

this dye in living cells, Lysotracker Deep Red was again used
(Figure Sb). The calculated Pearson correlation coefficient
(PCC) for whole images was calculated at 0.84, showing good
colocalization (see Figure S12 for experimental details).
Moreover, excellent correlation was observed in emission
intensity profiles, comparing probe intensity along linear
regions of interest (blue line; Figure Sa—d). Importantly, the
observed photophysics at the cellular level were fully consistent
with the prior in vitro characterization of the protonated forms.

B CONCLUSIONS

We have developed two novel pH-sensitive indolenine-based
probes. These compounds show excellent photophysical
properties that are significantly improved in acidic environ-
ments. In these conditions, fluorescence quantum yields of
between 35 and 40% and a Stokes shift of around 4900 cm™
are obtained. Moreover, the photophysical changes triggered
by indolenine ring protonation allow its detection under TP
excitation. Under these conditions, the neutral forms cannot be
visualized, thereby constituting oft—on probes and enhancing
the signal-to-noise ratio. The protonated forms provided TP
cross sections of up to 60 GM. In addition, these derivatives
have good selectivity and sensitivity toward protons that are
complemented by the reversibility of the modification, which
greatly enhances their usefulness. As anticipated, changes to
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the alkoxy moiety could be performed while maintaining their
optical properties. We investigated our ability to control
biological targeting using substituent exerts; whereas the
nonspecific organelle-targeting probe 4b can be used as a
cytoplasmic pH sensor, the lysosome-targetable probe 4c
provided selective labelling of these organelles.
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