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An Indolin-3-imine Photobase and pH Sensitive

Fluorophore

Susanne Doloczki,” Christoph Kern,” Karl O. Holmberg,” Miao Zhao,”® Fredrik J. Swartling,

Jan Streuff” and Christine Dyrager*®

This work presents the pH sensing ability of a fluorescent
indolin-3-imine derivative. Protonation of the weakly basic
imine (pK,=8.3 of its conjugate acid) results in a significant red-
shift of the absorption band. The fluorophore acts as a
photobase, with a basicity increase of approximately 6 units
upon photoexcitation. This behavior promotes excited state

Introduction

Optical pH sensors are crucial tools in environmental, material,
and life sciences.!" The ability to monitor pH or proton transfer
in biological systems is especially important because these
govern vital functions and chemical reactions in living
systems."“? Fluorescent pH sensitive compounds are commonly
used in bioimaging,® for instance, to stain acidic organelles or
to probe dysregulated extra/intracellular pH - a feature of
various types of cancer.”

The pH sensing mechanism of emissive compounds, caused
by protonation, usually relies on the following effects: i) sup-
pression of photoinduced electron transfer (ie, turn-on
fluorescence),® i) extension of electron conjugation by
rearrangement,”” or iii) change of the electronics of donor-
acceptor fluorophores.” Some molecules (weak acids or bases)
act as sensors due to excited state proton transfer (ESPT); a
feature that is enabled by their increased acidity/basicity upon
excitation.” Such photoacids/photobases, have attracted atten-
tion due to the prospect of exploiting their properties in various
valuable  applications”  These include photocurrent

generation,'” light-mediated polymerization” and enantiose-
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proton transfer from weak acids such as protic solvents. The
characteristics of the fluorophore enable sensing of water
fractions in organic solvents and differentiation between
methanol, ethanol, and longer chain alcohols. Initial cell studies
indicated the future potential of indolin-3-imines as fluoro-
phores for bioimaging applications.

lective protonation of silyl enol ethers, which allows for stereo-
specific synthesis of a-substituted carbonyls."?

In this work, we studied the photophysical properties and
pH sensing ability of an indolin-3-imine derivative, Ind
(Figure 1A), which has previously only been described as
fluorescent in literature."™ This structure consists of an electron-
donating cyclic amine, which is conjugated through a fused
aromatic ring to an electron-withdrawing imine moiety. The
donor-acceptor characteristics of Ind allows for intramolecular
charge transfer in the excited state, which results in increased
basicity of the imine group, thus creating a photobase. To the
best of our knowledge, this is the first study exploring the
photophysical characteristics of indolin-3-imines, including their
utility as pH-probes, photobases and their potential as emissive
agents for fluorescence cell microscopy.

Results and Discussion
Solvent Effects on UV-Vis Absorption Spectra

The photophysical properties of Ind were initially investigated
in toluene, DMSO and methanol (Figures 1A-C). The lowest
energy absorption maximum (Ay,.) shifted bathochromically
with increasing solvent polarity (from 365 nm in toluene to
443 nm in methanol) (Figure 1B and ESI, Figure S1). Positive
solvatochromism of the absorption in aromatic compounds can
often be attributed to n-n* transitions when the dipole moment
of the excited state is considerably larger than that of the
ground state™ In methanol, two absorption bands were
observed (Aymax =400 and 443 nm), which exhibited concen-
tration-dependent intensity ratios (Figure 1D). For clarity of
discussion, from this point forward, the absorption band at the
shorter wavelength is referred to as the A-band and the band at
the longer wavelength is referred to as the B-band (regardless
of solvent), as indicated in Figure 1B.

Increasing the concentration of Ind in methanol increased
the A-band/B-band intensity ratio (Figure 1D), which could
indicate the presence of aggregates. The opposite effect was

© 2023 The Authors. ChemPhotoChem published by Wiley-VCH GmbH
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Figure 1. Photophysical data of Ind in different solvents (A-C) and the influence of concentration (D), water fraction (E), and surfactant (F) on its absorption
spectra. A) Summary of Stokes shifts (AL and Av), molar extinction coefficients (¢) and fluorescence quantum yields (). B) Normalized absorption spectra.
The two absorption bands in methanol are labelled as A-band and B-band, respectively. C) Normalized emission spectra (A, =360 nm). D) Influence of
concentration (9-176 uM) on the absorption spectra of Ind in methanol. The B-band dominates at low concentrations, whereas the A-band dominates at high
concentrations; inset: B-band/A-band absorbance ratio plotted against the concentration. E) Effect of water fraction on the absorption spectra of Ind in
methanol. The B-band of Ind (25 uM) becomes more pronounced with increasing volume fraction of water (f, s 0-0.2); inset: B-band/A-band absorbance
ratio plotted against f,. F) Effect of the anionic surfactant sodium dodecyl sulfate (SDS) on the absorption spectra of Ind (20 uM) in water (with 5% DMSO).

The B-band becomes more pronounced with increasing SDS concentration.

observed with increasing water fractions in methanol
(Figure 1E). Intrigued by these results, additional experiments
were performed in DMSO-water solvent mixtures. A red-shifted
absorption band (around 450 nm) appeared, which also
increased in intensity, when increasing the volume fractions of
water (ESI, Figure S2). Methanol had a similar but less significant
effect on Ind in DMSO than water (ESI, Figure S2), whereas the
addition of methanol to Ind in toluene merely caused a
bathochromic shift of the absorption band (ESI, Figure S1); no
additional absorption band was observed. The logarithmic
growth of the red-shift, with increasing amounts of methanol,
resembles the trend of E;(30) solvent polarity in toluene-
methanol binary mixtures."™ Based on the absorption spectro-
scopy results, we hypothesized that Ind participates in a ground
state equilibrium in polar protic solvent systems, likely involving
proton transfer (i. e., acid-base equilibrium or tautomerism).

Influence of Additives on the Acid-Base Equilibrium

Addition of surfactants is known to influence acid-base
equilibria, with anionic surfactants stabilizing cationic species in
solution."® Surfactants can also form micelles and affect the
degree of aggregation. The equilibrium of Ind1 in water (with
5% DMSO) shifted to the B-band species when the anionic
surfactant sodium dodecyl sulfate (SDS) was added (Figure 1F).
In addition to our other observations, the B-band can therefore
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likely be ascribed to the cationic/protonated form of Ind. To
further test this hypothesis, an excess of acid (aq. HCl) or base
(ag. NaOH) was added to solutions of Ind in MeOH or DMSO. In
both solvents, the equilibrium shifted completely to the B-band
in the presence of acid and to the A-band in the presence of
base (ESI, Figure S3). This strongly indicates that the B-band
corresponds to the absorption of the protonated compound
(IndH*) and that the A-band most likely corresponds to the
neutral Ind. It was noted that the B-band species exhibits
slightly higher molar absorptivity than the A-band species, e.g.,
1.2 times higher in methanol with excess acid or base (e=4.7
and 3.9x10° M~'ecm™, respectively). NMR spectroscopy experi-
ments confirmed that stoichiometric addition of aq. HCl to Ind
in DMSO-d; resulted in protonation of the imine (ESI,
Figures S13-S17). Finally, the pK, of IndH* was spectrophoto-
metrically determined to be 8.3 in aqueous solution (Figur-
es 2A-C). Upon protonation in Britton-Robinson-buffer, the red-
shift of absorption amounted to 74 nm (4641 cm™). In basic
solutions, a considerable decrease of emission intensity was
observed.

Fluorescence Spectroscopy
By analogy to Apmae the emission maxima (Agm.,) of Ind shifted

bathochromically with increasing solvent polarity (Figure 1C).
The Stokes shifts are quite large (52-90 nm, 3.4-3.8x10°cm™)
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Figure 2. Influence of solvent acidity on Ind (A-E) and proposed photophysical processes of Ind (F). A-B) pH-Dependence of absorption (A) and emission
spectra (B; Ae,=396 nm) of Ind (25 puM) in Britton-Robinson buffer (with 1% DMSO). C) pH Curves based on the absorbance ratio of Ind or IndH™ (A =364 or
438 nm) and the isosbestic point (A=396 nm). D-E) Absorption (D) and emission spectra (E) of Ind (25 pM) in different alcohols (methanol, ethanol, i-propanol,
n-butanol, n-octanol); A, =384 nm or 404 nm (MeOH). F) Proposed ground and excited state processes of Ind in polar protic solution. Abs = absorption;

Em = emission; ESPT = excited state proton transfer; ICT =intramolecular charge transfer; LE=locally excited; So,=singlet ground state; S, =first singlet excited

state.

and the fluorescence quantum yields (®¢) range from 0.03-0.15,
with the lowest value obtained from measurements in toluene.
Importantly, and in the light of our recent publication of the
photolabile ketone analogue of Ind,"” it should be emphasized
that Ind features high photostability (ESI, Figure S7).

Individual excitation of the two absorption bands (A., =360
or 450 nm, respectively) in methanol resulted in very similar
emission spectra with Ag,., =533 nm (ESI, Figure S4). The differ-
ence between the spectra was the presence of a weak shoulder
at ca. 460 nm when the shorter excitation wavelength was used
(Aexy=360 nm). This weak shoulder did not appear at A=
450 nm. Analysis of the excitation spectra confirmed that only
the A-band contributes to the shoulder, whereas both absorp-
tion bands contribute to the major emission band (ESI, Fig-
ure S4). Based on these observations, we propose that different
processes take place, as illustrated in Figure 2F. Each species in
the ground state acid-base equilibrium can be excited individu-
ally. The emission of IndH™ originates from the locally excited
(LE) state, which is virtually independent of solvent polarity. On
the other hand, Ind can undergo intramolecular charge transfer
(ICT) in the excited state, resulting in solvatochromic emission.
In polar protic solvents (such as methanol and water) a
competing pathway is available, namely excited state proton
transfer (ESPT) from the solvent. The resulting excited state
species is identical to IndH™". The ESPT most likely occurs from
CT-Ind*. Weak bases that undergo ICT in the excited state
typically exhibit an increased excited state basicity. Such
compounds are called photobases and the excited state acidity
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(pK,*) of their conjugate acids can be estimated using the
Forster equation and the 0-0 transition energies of both species
(neutral and protonated).®*'® Accordingly, Ind gave an approx-
imate pK,* of 14 (see Experimental Section for details), which
constitutes an increase of the acid constant by six orders of
magnitude upon photoexcitation. ApK, (=pK,*—pK,) values for
other reported photobases typically range between 1 to
149 Photobases that are not protonated in the ground
state, but emit from the protonated excited state, can exhibit
large apparent Stokes shifts. This approach has therefore been
used as strategy to design fluorescent proteins with large
Stokes shifts.””

Experiments in Deuterated Solvent and Various Alcohols

Comparison of the UV-vis spectra of Ind in methanol and
deuterated methanol showed a slight increase of the A-band/B-
band intensity ratio in the latter (ESI, Figure S5). This is in
accordance with the marginally less acidic nature of deuterated
solvents.?" Furthermore, the emission intensity ratio of the
shoulder and the major band increased about 1.7-fold in the
deuterated solvent (ESI, Figure S5). This result is in accordance
with the expected decelerating isotope effect on the ESPT
rate.”? Although the emission behaves similarly in both
solvents, the emission intensity (corrected for differences in
absorption intensity) in deuterated methanol was about two
times higher. Reduced quenching of fluorescence in deuterated
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water or deuterated alcohols is a common phenomenon, which
recently been systematically investigated.”” Furthermore, ab-
sorption spectra of Ind recorded in various aliphatic alcohols
revealed that only methanol and, to a lesser extent, ethanol are
capable of partially protonating Ind (Figures 2D-E and ESI,
Figure S6). Solutions of Ind in longer chain alcohols (i-propanol,
n-butanol, and n-octanol) did not show any red-shifted band (B-
band) in their absorption spectra, indicating their acidity is too
low or that they cannot sufficiently stabilize IndH* due to their
lower dielectric constants. Accordingly, ethanol promotes
neutral Ind as the major species in the ground state and is
weaker at promoting proton transfer in the excited state as
compared to methanol. As a result, the emission spectrum of
Ind in ethanol peaks at Agm,, =464 nm when excited at the
maximum of the A-band (A,,.,=384 nm), which is close to the
emission maxima that were recorded in the other longer chain
alcohols that were examined (Figure 2E). In line with our results,
Hunt and Dawlaty have shown that the rate of ESPT of the
photobase 5-methoxyquinoline in alcohols is dependent on
solvent acidity, with more acidic alcohols increasing the rate.*?
Furthermore, the behavior of Ind in alcohols is similar to other
reported fluorophores with imine moieties.”** Deprotonation
of alcohols may be explained by the empirical pK, rule.?
Accordingly, weak bases can be protonated if the pK, of their
conjugate acids and the protonation source (e.g. a weak acid
such as MeOH or EtOH) do not differ by more than 8 units.

Computational Studies

Density functional theory (DFT) and time-dependent DFT
(TDDFT) calculations were performed to compute the vertical
transitions of Ind and IndH™ (ESI, Table S2). The mean absolute
errors of Ind (toluene, MeOH; PCM) and IndH* (MeOH; PCM)
were between 0.20-0.37 eV compared to the experimental
absorption values. Furthermore, the computed difference in
absorption energy between Ind and IndH* (MeOH; PCM) was
comparable to the experimental energy difference of the
absorption bands in basified and acidified methanol (calculated
0.35 eV/40 nm vs. experimental 0.46 eV/62 nm). All computed
transitions represent HOMO-LUMO transitions (ESI, Figure S9).
The amine has a strong contribution in the HOMO of the
neutral molecule, whereas the LUMO is dominated by the
imine. In case of the protonated compound, both frontier
molecular orbitals are distributed similarly over the entire
conjugated system (including both nitrogen atoms). This
supports the experimental evidence of ICT in Ind and LE state
in IndH*. Computation of the dearomatized tautomer of Ind
indicated that it is not energetically accessible in the ground
state (AE=0.47 eV=10.8 kcal/mol) and thus likely does not
play an important role here.

Preliminary Cell Studies

Indolin-3-imines have previously not been investigated as
imaging probes for cell biology research. The fluorescence cell
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imaging utility of Ind was therefore investigated using (healthy)
human dermal fibroblast (HDF) and melanoma cells (SK-MEL-
28). The fluorescence of Ind could clearly be observed in both
cell lines upon excitation using the green laser (A,,=488 nm).
The accumulation pattern in melanoma cells seemed rather
unspecific, whereas in fibroblasts the compound was preferen-
tially localized in lysosomes (i.e, acidic organelles®”) (ESI,
Figures S10-511). In addition, Ind showed no significant effects
on cell viability under the studied conditions (ESI, Figure S12).
These preliminary results indicate that indolin-3-imines could
be a new promising class of fluorophores for applications within
chemical biology, including fluorescence cell imaging.

Conclusions

We have presented the photophysical properties and pH
sensing capability of an indolin-3-imine derivative (Ind). Its key
characteristics include a significantly red-shifted absorption
upon protonation, a relatively high pK, (8.3) of its conjugate
acid and increased basicity upon excitation. These chemical and
photophysical properties enable deprotonation and sensing of
water fractions in organic solvents. Emission of the protonated
species was proposed to occur from the locally excited state,
whereas emission of the neutral form occurs after intra-
molecular charge transfer. The photobasicity of Ind further
facilitates the deprotonation of weak acidic protic solvents
(such as methanol and, partially, ethanol) via ESPT. Initial
imaging experiments of Ind in melanoma and fibroblast cells
indicated its usefulness as a fluorescent probe for bioimaging.
This study is the first to investigate the photophysical behavior
of Ind (or its derivatives). We envisage that it will inspire further
investigations of indolin-3-imine derivatives as i) photobases,
ii) molecular tools for bioimaging, and iii) general optical
sensors for applications where pH sensitivity is of high
importance.

Experimental Section

The synthesis and full characterization of Ind has previously been
described in detail in the Supporting Information of our preceding
paper.”!

NMR Spectroscopy

NMR spectra were recorded at 298 K using an Agilent MR400-DD2
instrument at 400 MHz ('H) and 101 MHz (*3C) or a Bruker Avance
Neo instrument at 500 MHz ('H) and 126 MHz ("*C). Chemical shifts
(0) are reported in ppm using the residual solvent peak in DMSO-d,
(64y=2.50 and 8.=239.52 ppm) as internal reference.” The apparent
resonance multiplicity is reported as s (singlet) or m (multiplet).
Experimental details of the protonation experiment are given in the
corresponding figure caption (ESI, Figure S$13).

Photophysical Characterization

The following organic solvents were used for photophysical
measurements: toluene (ACS grade, VWR chemicals; distilled prior
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to use), methanol and i-propanol (HPLC grade, VWR chemicals),
DMSO (Uvasol, Merck/Supelco), ethanol absolute (AnalaR NORMA-
PUR ACS, VWR chemicals), n-octanol (HPLC grade, Sigma-Aldrich),
n-butanol (p. a., Merck). UV-vis absorption spectra were acquired on
a UV-1650PC Shimadzu instrument at room temperature using
quartz cuvettes (10 mm). Absorption maxima (Lama,) are reported in
nm and the molar extinction coefficient (¢) in M~ cm™' with a
margin of error of up to 1%. At least three data points with
different known concentrations were acquired and the measured
absorbances (<1.0) were plotted against the concentrations. The
molar extinction coefficients were then determined according to
the Beer-Lambert law as the slope of the linear fit. Fluorescence
measurements were carried out using a Shimadzu RF-6000
spectrofluorophotometer. Fluorescence quantum yields (&;) were
determined with A, =360 nm relative to quinine sulfate in 0.05 M
aq. H,S0, (@, =0.55)*" or with A,,=450 nm relative to fluorescein
in 0.1 M ag. NaOH (®;=0.93).”" At least three fluorescence spectra
were recorded per solvent, and integrated peak areas were plotted
against the absorbances at the excitation wavelength. The quantum
yields were then calculated from the slope of the linear fit via the
comparative method, with a margin of error of up to 4%. The
concentrations for the quantum yield measurements were selected
so that the absorbance was below 0.1 to prevent inner filter effects.
Obtained raw data was processed using OriginPro 8 software.

pK, Determination and pK,* Estimation

The Britton-Robinson buffer®® was prepared by mixing equal
volumes of aqueous solutions (all 0.04 M) of acetic acid, boric acid,
and phosphoric acid. Solutions with various pH (between 2 and 12)
were obtained by addition of aqueous NaOH solution (0.2 M). The
pH values were measured using a pH meter (VWR pHenomenal
pH 1000 L). A stock solution of Ind (2.5 mM) in DMSO was prepared
and diluted with each buffer solution to reach a final compound
concentration of 25uM (1% final DMSO content), respectively.
Subsequently, the absorption spectrum of each sample solution
was recorded, and the data was plotted according to Equation (1),
giving the pK, value of the compound as y-intercept of the linear fit
(as previously described by others®").

R— Rmin
pH = pK, + slope x log =—= (1)

max_R

Hereby, R is defined as ratio of absorption intensity at two
wavelengths, in this case at 438 nm (acidic maximum) or 364 nm
(basic maximum) and at 396 nm (isosbestic point), as can be seen
in Figure 2C. R, and R, are the minimum and maximum limits,
respectively. Based on this analysis, an error of +0.1 is assumed for
the determined pK.,.

The excited state acidity (pK,*) of IndH* was estimated using the
Forster equation, Equation (2), as previously described by
others

* NAhC ~ ~ +
pKa = pKa + 2.303RT (Vgo - Vgg )
()
0.625Kecm g
= pK, + T (Vgo - Vgg )

where  N,=6.022x10%mol'  (Avogadro  constant), h=
6.625x107** Js (Planck constant), c=3x10" cm (speed of light), R=
831Jmol'K™"' (gas constant), T=temperature in K, v =0-0
transition energy of base in cm™, ogg* =0-0 transition energy of
conjugate acid in cm™".
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The 0-0 transition energies were estimated from the intersection of
the absorption and emission spectra in acidic (1 M ag. HCl) or basic
(1 M ag. NaOH) solutions (20 uM Ind; MeOH was used to help
solubilization, final MeOH content: 0.4%; ESI, Figure S8). The
following values were obtained: ¥%,=23213cm™", V&' =
20504 cm™.

Computational Details

All density functional theory (DFT) calculations were performed
using Gaussian 09%? software and PBE1PBE/6-311G(d,p) level of
theory for ground states. Time-dependent density functional theory
(TDDFT) was applied to excited states at PBE1PBE/6-311 + G(2d,p)
level of theory.®? The polarizable continuum model (PCM) was
used to account for implicit solvation effects of toluene and
methanol. Vertical transitions (at least five excited states) were
generally calculated with state-specific solvation. Optimized geo-
metries were confirmed as energetic minimum by vibrational
frequency calculations. Computed structures and orbitals were
visualized using Avogadro 1.2.0.5

Cell Cultures

SK-MEL-28 (ATCC:HTB-72) and adult Human Dermal Fibroblast
(HDF) (Sigma-Aldrich, Cat#106-05 A) cells were grown in Dulbecco’s
Modified Eagle Medium (DMEM), high glucose, GlutaMAX™ (Thermo
Fisher Scientific, Cat#61965026) supplemented with 10% heat
inactivated Fetal Bovine Serum (Thermo Fisher Scientific,
Cat#10270106) and  Penicillin-Streptomycin  (Sigma-Aldrich,
Cat#P0781) using 100 mm TC treated dishes (VWR, Cat#734-0006)
and a humidified incubator at 37°C with 5% CO,. Cells were
passaged using Trypsin — EDTA Solution (Sigma-Aldrich, Cat#T3924)
after washing with Dulbecco’s Phosphate-Buffered Saline (DPBS)
(Thermo Fisher Scientific, Cat#14190094).

Cell Staining, Colocalization, and Fluorescence Microscopy

SK-MEL-28 and HDF cells were counted using a Countess Il
Automated Cell Counter (Thermo Fisher Scientific, Cat#A-
MQAX1000) and seeded in chamber slides (Sarstedt,
Cat#94.6140.802) the day before treatment at 40 000 live cells/well.
A stock solution of Ind in DMSO (Uvasol, Merck/Supelco) was
prepared at 5.0 mM concentration, which was diluted with cell
medium to 20 uM final compound concentration (note: 10 uM also
works well). Live cells were incubated with the compound for 1 h or
24 h with DMSO treated cells as control (i.e., 0.4 vol% DMSO). The
cells were washed with PBS solution, fixed for 15 min at rt in the
dark using a 4% Buffered Formaldehyde Solution (Histolab
Cat#02176) and further washed with PBS solution prior to mounting
with Fluoromount (Sigma-Aldrich, Cat#F4680). Stainings were
performed at least twice to ensure reproducibility. Fluorescence
imaging was performed using a Zeiss LSM700 confocal microscope
with ZEN (black edition) software (1.,=488 nm, 4.,,=500-700 nm).
The acquired raw data was processed using Image) (Fiji
distribution).®™ Background subtraction, brightness and contrast
adjustments were made to improve visibility. For colocalization, a
modified literature procedure was followed.”® The cells were
seeded the day before treatment at 20 000 live cells/well. After
incubation with Ind (20 uM) for 24 h, the cells were washed with
cell medium (warmed up to 37°C) and then incubated with a
solution of LysoTracker Deep Red (ThermoFisher Scientific,
Cat#L12492) in cell medium (75 nM, 500 uL) for 30 min at 37°C.
Appropriate controls with only Ind, LysoTracker Deep Red, or blank
DMSO were prepared in parallel. The cells were washed with PBS
(2x), followed by fixation and mounting as described above. For
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imaging, LysoTracker Deep Red was excited at 639 nm and
detected using an LP640 filter. Ind was excited at 488 nm and
detected below 600 nm. The fluorophores were imaged sequen-
tially, and the controls were imaged with the same settings to
confirm that no crosstalk of the fluorophores was detected.

Cell Viability Assay

Cells were counted (as mentioned above) and seeded in 96 well
plates the day before treatment at 5000 or 10 000 live cells/well.
Ind was dissolved in DMSO (Uvasol, Merck/Supelco) and further
diluted in extra cell culture medium before cell treatment. Cells
were incubated with the compound for 24 h at a final concen-
tration of 10 or 20 uM with DMSO treated cells as control
(0.4 vol%). Cell viability was analyzed after 2.5 h incubation with
Resazurin Reagent (1:10) (Sigma-Aldrich, Cat#R7017) using a
Synergy™ HTX Multi-Mode Reader (BioTek) by measurement of the
fluorescence at 590 nm (.,=530 nm) or using a CLARIOstar Plus
plate reader (BMG LABTECH) by measurement of the fluorescence
at 600 nm (4.,=544 nm). At least two independent experiments (in
triplicates) were performed.
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