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ABSTRACT
Novel fluorescent diazaoxatriangulenium (DAOTA) pH indicators for lifetime-based self-referenced
pH sensing are reported. The DAOTA dyes were decorated with phenolic receptor groups inducing
fluorescence quenching via photoinduced electron transfer mechanism. Electron-withdrawing chlorine
substituents ensure response in the most relevant pH range (apparent pK’a values ~5 and 7.5 for the
p,p-dichlorophenol- and the p-chlorophenol-substituted dyes, respectively). The dyes feature long
fluorescence lifetime (17-20 ns), high quantum yield (~60%) and high photostability. Planar optodes
are prepared upon immobilization of the dyes into polyurethane hydrogel D4. Apart from the response
in the fluorescence intensity, the optodes show pH-dependent lifetime behaviour which makes them
suitable for studying 2D pH distribution with help of fluorescence lifetime imaging technique. The
lifetime response is particularly pronounced for the sensors with high dye concentration (0.5-1% wt. in
respect to the polymer) and is attributed to efficient homo-FRET mechanism.
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INTRODUCTION
Many biological and ecological systems are based on a delicate equilibrium between a wide range of
different parameters. One of the most important is the pH, which is of highest importance in biology,
biotechnology, medicine, oceanography and environmental monitoring to mention only a few fields.
For monitoring pH in these areas, fluorescent chemosensors proved to be promising analytical tools
since they are free from electromagnetic interferences, enable non-invasive measurements and are
available in a variety of formats ranging from planar optodes and fiber optic sensors to nanoparticles.1
In contrast to other methods (e.g. electrochemical sensing) optical sensors enable imaging of pH
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distribution on surfaces (with help of planar optodes) or in volume (with help of nanoparticles).
Particularly, planar optodes have been applied for imaging of pH gradients in marine sediments,2,3
rhizosphere,4,5 biofilms,6 wounds7,8 and microfluidic chips.9,10
Optical pH sensors are generally manufactured via immobilization of a pH indicator into a
proton-permeable matrix, which ensures reusability of the sensor for multiple measurements. Among
numerous fluorescent pH probes reported11 some most common representatives are xanthene dyes,12,13
derivatives of 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS),14,15 naphthalimides16,17 and BODIPY
dyes.18–20 Unfortunately, the performance of pH sensors based on UV-Vis indicators can be
compromised by high levels of background fluorescence originating from biological species present in
the analysed sample or from optical components such as fibers and filters. An additional optical
isolation layer helps to minimize the autofluorescence in case of fiber-optic sensors and planar optodes
but it can also introduce problems associated with interaction of the dye and the components of optical
isolation (e.g. carbon black), and it is of course not possible at all in case of nanosensors. NIR
excitable/emissive probes such as seminaphthorhodafluors (SNARFs)21, aza-BODIPYs22 and dyes of
other classes proved to be advantageous due to low autofluorescence background in the NIR region.
Unfortunately, most of these dyes have significantly lower fluorescence quantum yields compared to
UV-Vis dyes.
Another way to overcome the above limitation is to use an indicator with comparably long
luminescence decay time τ. Here, the background fluorescence can be eliminated in a time-resolved
measurement. Luminescent pH probes based on metal complexes (most prominently Ru(II)23–25 and
Eu(III)26 complexes) proved to be particularly interesting candidates due to their decay times in
microsecond time domain. Apart from background-free measurements, some of these probes enable
self-referenced decay time read-out23,24 which is highly interesting for practical applications. Much
more common intensity-based indicators require addition of a luminescent reference to the sensor
material to ensure reliable read-out.1–10 This in turn may introduce numerous issues associated with
chemical and photochemical stability of the reference luminophore, leaching, oxygen cross-talk,
inhomogeneous distribution of the two components, inner-filter effects etc. In respect to the pH
indicators based on phosphorescence, long decay time typically results in a significant crosssensitivity to molecular oxygen which has to be compensated for. Although several fluorescent
indicators with decay time read-out have been reported, they either show comparably short wavelength
of excitation and emission27 or feature fairly short decay times (< 7 ns in the “on” state),21,28,29 which
makes background-free measurements problematic. Some nanosensors based on quantum dots feature
significantly longer decay time and represent promising materials for pH sensing30–32 but toxicity and
environmental impacts may be a limitation here.
Therefore, fluorescent dyes with decay times long enough to eliminate the autofluorescence33
but short enough to avoid cross-sensitivity to oxygen, are of high interest as an alternative platform for
designing advanced pH optodes. Rich and co-workers showed that 90% of the background
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fluorescence in tissues originates from emitters with the decay time of < 2.5 ns and about 10% from
emitters with τ ∼ 7.5 ns.33 Therefore, the overall autofluorescence is expected to decrease by about 10fold after 7.5 ns which appears to be a reasonable threshold for designing lifetime-based sensors for in
vivo applications. Among very few known representatives of the dyes with long fluorescence decay
time,34 triangulenium dyes33,35 are particularly interesting due to combination of τ ∼ 20 ns and
comparably long wavelengths of absorption and emission which are similar to those of the established
chromophores

such

as

rhodamines

and

BODIPYs.

Although

the

pH-sensitive

trihydroxytrioxatriangulene has been reported,36 the fluorescence lifetimes of this dye do not exceed
4.3 ns in any protonation/deprotonation state, thus eliminating the strongest advantage of this dye
group. While this work was in progress, Sørensen and co-workers reported a pH sensor based on a
diazaoxatriangulenium (DAOTA+) dye decorated with a phenolic receptor.37 Since the sensing
material has been characterized only for the fluorescence intensity, it remained unclear if the lifetime
properties of the chromophore were affected by modification and immobilization.
In this contribution, the modification of diazaoxatriangulenium dyes with phenolate-based pH
receptors was chosen as a pathway to obtain pH indicators with long-lived fluorescence and attractive
spectral properties. These groups modulate the fluorescence of the dye via photoinduced electron
transfer (PET) but do not affect the advanced photophysical properties of the chromophore.
Incorporated in hydrogel matrices and nanoparticles the new indicators possess self-reference
character due to lifetime sensing capabilities, which favourably distinguishes them from most systems
presented so far. As will be demonstrated, planar optodes are particularly attractive for recording of
pH distribution with fluorescence lifetime imaging (FLIM) technique.

EXPERIMENTAL
Materials
Chemicals were purchased from various commercial providers (TCI (www.tcichemicals.com), Fluka
(www.analytics-shop.com/de/hersteller/fluka.html), Sigma Aldrich (www.sigmaaldrich.com), Acros
Organics (www.acros.com), Roth (www.carlroth.com/at/de), ABCR (www.abcr.de)) and used as
received. Macrolex Fluorescent Red G (3-(1,3-benzothiazol-2-yl)-7-(diethylamino)-2-oxo-2Hchromene-4-carbonitrile) from TER chemicals (www.terchemicals.com) and the perylene dye
Lumogen Red from Kremer Pigmente (www.kremer-pigmente.com/de). Solvents were acquired from
VWR (https://at.vwr.com/store) and used without further purification.
Eudragit RL-100 copolymer (poly-(ethylacrylate-co-methylmethacrylate-co-trimethyl-aminoethyl
methacrylate), (average MW ≈ 150000 Da, 8.85 – 11.96 wt. % trimethyl-aminoethyl methacrylate
units on dry substance) was from Degussa (www.evonik.com). Polyurethane hydrogels (Hydromed™
D1 and D4) were purchased from CardioTech (www.cardiotech-inc.com). Poly(methyl methacrylateco-methacrylic

acid

(PMMA-MA,

MW ≈ 100000 Da,

10%

methacrylic

acid)

and

poly(hydroxyethylmethacrylate) (pHEMA) (MW ≈ 150000 Da) were obtained from Polysciences Inc.
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(www.polysciences.com). Poly(styrenesulfonic acid), (PSSA, MW ≈ 300000 Da), was from ABCR
(www.abcr.de) and Nafion® 117 (5% wt. solution in alcohols) from Aldrich. Poly(ethylene
terephthalate) support Melinex 505 was purchased from Pütz (www.puetz-folien.com).
Synthesis
Synthesis of fluorescent DAOTA dyes was conducted similar to procedures reported previously by
Laursen et al.38–40 Synthesis of tris(2,6-dimethoxyphenol)methanol (a) was performed according to the
literature procedures.41,42
Synthesis of N-(3,5-dichloro-4-hydroxy)phenyl-N-dodecyl DAOTA+ PF6- (PhOHCl2-DAOTA)
1.25 g (2.84 mmol) of a were dissolved in ethanol and acidified with 1 mL aqueous HBF4 (50 wt%,
16.1 mmol). After precipitation with cyclohexane and filtration the solid was dissolved in acetonitrile.
508 mg (2.86 mmol) of 3,5-dichloro-4-hydroxyaniline and a few drops of pyridine were added under
stirring at room temperature. The resulting orange intermediate was precipitated in 250 mL 0.2 M
aqueous KPF6 and collected via filtration. The precipitate was dissolved in N-methylpyrrolidone and
2.73 g (14.7 mmol) dodecylamine were added. After 1 h of stirring at 95 °C under argon atmosphere,
the intermediate was precipitated with aqueous KPF6 solution and isolated via filtration. It was
dissolved in molten PyHCl and the melt stirred at 180 °C for 45 min. PhOHCl2-DAOTA was isolated
via precipitation from aqueous KPF6 and filtration. The product was purified via flash column
chromatography on silica with DCM/MeOH (99/1 v/v). Yield: 97 mg (5%).
H NMR (300 MHz, CD3OD): δ = 8.08 (td, J =8.4, 5.5 Hz, 2 H, aromat. CH), 7.91 – 7.79 (m, 1 H,
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aromat. CH), 7.59 (d, J =8.9 Hz, 1 H, aromat. CH), 7.46 (d, J =8.6 Hz, 1 H, aromat. CH), 7.27 (d,
J =8.2 Hz, 1 H, aromat. CH), 7.20 (d, J =13.6 Hz, 3 H, 1 H: triangulenium aromat. CH, 2 H:
substituent aromat. CH), 6.84 (d, J =8.6 Hz, 2 H, aromat. CH), 4.58 – 4.41 (m, 2 H, N-CH2), 1.92 (p,
J =8.1, 7.6 Hz, 2 H, aliphat. CH2), 1.62 (p, J =7.2 Hz, 2 H, aliphat. CH2), 1.46 (dq,
J =11.6, 6.1, 5.3 Hz, 2 H, aliphat. CH2), 1.31 (d, J =16.4 Hz, 16 H, aliphat. CH2), 0.95 – 0.81 (m, 3 H,
CH3).
C APT-NMR (76 MHz, CD3OD): δ = 145.10, 143.64, 142.04, 140.82, 140.18, 139.53, 128.27,

13

127.89, 112.17, 110.63, 109.95, 109.05, 107.30, 64.72, 49.00, 33.34, 31.03, 30.72, 27.91, 27.20,
24.00, 14.71
MS MALDI-TOF: m/z [M+] calc. 611.22, found 611.12.
Synthesis of N-(3-chloro-4-hydroxy)phenyl-N-dodecyl DAOTA+ PF6- (PhOHCl-DAOTA)
The dye was prepared analogously to PhOHCl2-DAOTA using 3-chloro-4-hydroxyaniline instead of
3,5-dichloro-4-hydroxyaniline. Yield: 32 mg (4%).
H NMR (300 MHz, CD2Cl2): δ = 8.13 (t, J =8.5 Hz, 1H, aromat. CH), 8.04 (t, J =8.6 Hz, 1 H, aromat.
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CH), 7.97 – 7.81 (m, 2H, 1 H: triangulenium aromat. CH, 1 H: substituent p-OH aromat. CH), 7.48 (d,
J =8.8 Hz, 1 H, aromat. CH), 7.43 – 7.27 (m, 4 H, 3 H: Triangulenium aromat. CH, 1 H: substituent p4

Cl aromat. CH), 7.19 – 7.07 (m, 1 H, substituent aromat.CH), 6.87 – 6.73 (m, 2 H, aromat. CH), 4.51
(t, J =8.3 Hz, 2 H, N-CH2), 2.00 (p, J =7.5 Hz, 2 H, aliphat. CH2), 1.71 – 1.54 (m, 2 H, aliphat. CH2),
1.45 (s, 2 H, aliphat. CH2), 1.40 – 1.11 (m, 14 H, aliphat. CH2), 0.88 (t, J =6.5 Hz, 3 H, CH3).
C APT-NMR (76 MHz, CD2Cl2): δ =145.10, 143.64, 142.04, 140.82, 140.18, 139.53, 128.27,
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127.89, 112.17, 110.63, 109.95, 109.05, 107.30, 64.72, 49.00, 33.34, 31.03, 30.72, 27.91, 27.20,
24.00, 14.71
MS MALDI-TOF: m/z [M+] calc. 577.26, found 577.25.
Synthesis of N-(3-Morpholinopropyl)-N-dodecyl DAOTA+ PF6- (Morph-DAOTA)
Synthesis of Morph-DAOTA was conducted similarly to that of PhOHCl2-DAOTA and PhOHClDAOTA. The order of substitution was reversed with the dodecyl chain introduced before the
morpholino group. Yield: 34 mg, 10%.
H NMR (300 MHz, CD2Cl2): δ = 8.28 (t, 1H, aromat. C-H), 8.09 (t, 2H, aromat. C-H), 7.84 (d, J =4.7
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Hz, 1H, aromat. C-H), 7.78 – 7.67 (m, 1H, aromat. C-H), 7.49 (d, J =8.3 Hz, 1H, aromat. C-H), 7.40
(d, J =7.6 Hz, 1H, aromat. C-H), 7.27 (d, J =4.3 Hz, 2H, aromat. C-H), 4.73 (s, 2H, N-CH2), 4.59 –
4.39 (m, 2H, N-CH2), 3.77 (s, 3H, morpholino N-CH2), 3.70 – 3.48 (m, 3H, propyl N-CH2), 2.65 (d, J
=35.1 Hz, 4H, morpholino N-CH2), 2.13 (d, J =10.5 Hz, 2H, propyl CH2), 1.93 (s, 2H, aliphat. CH2),
1.61 (s, 2H, aliphat. CH2), 1.42 (s, 3H, aliphat. CH2), 1.26 (s, 10H, aliphat. CH2), 0.86 (d, J =6.7 Hz,
3H, CH3)
C APT-NMR (76 MHz, CD2Cl2): δ = 153.16, 141.63, 141.30, 140.54, 140.39, 140.14, 139.28,
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112.01, 110.23, 109.59, 109.29, 107.99, 107.02, 106.35, 100.54, 67.25, 54.00, 48.94, 46.93, 32.45,
30.10, 29.87, 27.30, 26.26, 23.22, 14.42, 8.53
MS MALDI-TOF: m/z [M+] calc. 578.37, found 578.25.
Optode Preparation
A solution containing 10% wt. polymer (Hydromed D4 polyurethane hydrogel) and 0.1% wt. dye (1
wt. % in respect to polymer) in EtOH:H2O (9:1 v/v)

was knife coated onto a poly(ethylene

terephthalate) support with a bar film applicator (75 µm wet film thickness) and the solvent was
allowed to evaporate under ambient conditions. For the optodes containing 0.5, 0.3 and 0.15 % wt. of
PhOHCl2-DAOTA in hydrogel D4 the thickness of the wet film was 75, 200 and 200 µm, respectively.
This way, inner filter effect was avoided at higher dye concentrations and sufficient brightness of the
optodes was ensured at lower dye concentrations. For imaging experiments diamond micropowder
(1:1 w/w in respect to the polymer) was added to the sensor foil (1% dye w/w with respect to
polymer).

Preparation of Nanoparticles and investigation of their properties in solutions and in cells is reported
in supporting information.

5

Measurements
1

H and 13C NMR spectra were recorded on a Bruker AVANCE III instrument (300.36 MHz 1H NMR,

75.53 MHz

13

C NMR). Mass spectra were acquired in a positive reflector mode on a Micromass

TofSpec 2E Time-of-Flight Mass Spectrometer (Bruker Ultraflex Extreme, www.bruker.com).
Absorption spectra were measured on a Varian Cary 50 UV-VIS spectrometer
(www.agilent.com) in 10 mm precision cuvettes by Hellma Analytics (www.hellma-analytics.com).
Emission spectra were recorded on a Hitachi-F-7000 fluorescence spectrometer (www.hitachihightech.com). Fluorescence lifetimes were acquired using time correlated single photon counting
technique (TCSPC) on a FluoroLog® 3 spectrofluorometer (Horiba Scientific, www.horiba.com).
Excitation was performed with a NanoLED (λ = 453 nm) controlled by a Delta Hub module and a
pulse length of 1.1 ns. The average decay times were obtained from the fit of the decay profiles with
biexponential decay model. Absolute quantum yields were determined on the FluoroLog® 3
spectrofluorometer equipped with a Quanta-Φ integrating sphere. Relative quantum yields were
determined against Lumogen Red as reference dye (Φ = 0.9643).
Nanoparticle size and surface charge were determined on a particle size analyzer Zetasizer Nano ZS
(www.malvernpanalytical.com).

Photostability measurement
Photostability of PhOHCl-DAOTA was investigated in comparison with Macrolex® Fluorescent Red
G and Rhodamine 101. The absorption of solutions of PhOHCl-DAOTA and the reference dyes in
EtOH was measured every five minutes while illuminating the solutions with a high power LED
(λ = 528 nm) (www.led-tech.de). The photon flux of the LED was measured using a LI-250A Light
Meter from LI-COR Biosciences (www.licor.com) and was 11700 µmol s-1 m-2, 9100 µmol s-1 m-2 and
8400 µmol s-1 m-2 for PhOHCl-DAOTA, Macrolex® Red and Rhodamine 101, respectively. The
decrease in absorption was corrected to normalize the values for the identical light intensity.

pH Calibrations
Unless otherwise stated, all measurements were conducted at 25 °C with buffer concentration of
10 mM and ionic strength adjusted with NaCl. Absorption and emission spectra for the optode based
on PhOHCl2-DAOTA in D4 (1% wt.) were acquired at pH values between 3 and 9 in buffers with
10 mM buffer concentration and additional salt concentrations of 10 mM NaCl, 290 mM NaCl,
290 mM NaNO3 and 100 mM NaClO4 plus 190 mM NaCl. Boltzmann sigmoid function was used to
fit the response curves: 𝑦𝑦 = 𝐴𝐴2 +

𝐴𝐴1 −𝐴𝐴2

1+𝑒𝑒

𝑝𝑝𝑝𝑝−𝑝𝑝𝑝𝑝𝑝𝑝´
𝑑𝑑𝑑𝑑

, where A2 and A1 are the lower and upper limits of the

calibration function, respectively, pKa´ is the point of inflection of the sigmoid and dx describes the
slope in the point of inflection.

FD-FLIM Imaging
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Imaging experiments were performed with a pco.flim camera from PCO (www.pco.de/de) operating in
the frequency domain.44,45 The excitation source, a 488 nm laser diode (PhoxXplus 488-200 for
pco.flim) from Omicron (www.omicron-laser.de), was modulated at 15 MHz modulation frequency
(square wave modulation). Average laser power was 100 mW. The NIS Elements AR microscopy
software from Nikon was used for data acquisition and processing. For microscopic measurements the
sensor spots of 5 mm in diameter were cut out of the sensor foil and glued into a black 96 microwell
plate from Greiner bio-one (www.gbo.com). Images were acquired with a Nikon Eclipse Ti-S
microscope equipped with a Nikon Plan Apo 20x/0.75 objective and 0.7x camera adaptor mounted on
the camera. The filter cube included an excitation bandpass filter FF02-482/18, a dichroic mirror
Di02-R488 and an emission longpass filter BLP01-488R, all from Semrock (www.semrock.com). A
dye-doped plate UMM/SFG from Starna Scientific (www.starna.com) was used as a lifetime standard
(τ = 3.75 ns).
For macroscopic measurements, the sensor foil was fixed in the channel of the open
microfluidic chip (COP polymer, ChipShop, www.microfluidic-chipshop.com) with an epoxy glue.
The chip was bonded using a double side adhesive tape from ChipShop. The laser light was coupled
into a 3 mm liquid waveguide in combination with beam expansion optics to homogenously illuminate
the microfluidic chamber under observation. A longpass filter OG 530 from Schott (www.schott.de)
was used in front of the macro lens Zeiss Makro-Planar 2/100 mm ZF (www.zeiss.com). Polystyreneimmobilized Lumogen red was used as a lifetime standard (τ = 6.3 ns as determined in TCSPC
experiments).

RESULTS AND DISCUSSION
Synthesis
Although triangulenium dyes have been primarily chosen for their extraordinary long fluorescence
lifetimes (∼20 ns), these dyes also feature comparably long wavelengths of absorption and emission
(particularly for di-aza substituted representatives), which is favourable for biological applications.
The triangulenium structure offers a straightforward synthetic strategy to introduce functional groups
(Scheme 1). The dyes were substituted with a dodecyl chain on one nitrogen bridge as a hydrophobic
anchor to achieve good solubility in organic solvents and to prevent leaching from polymer matrices.
A pH-sensitive functionality was introduced via the second nitrogen bridge. Two different moieties
were investigated. The first group includes phenolic receptors which are known to induce efficient
quenching via photoinduced electron transfer when deprotonated.46 Importantly, the pKa of the
receptor can be tuned via the number of electron-withdrawing chlorine atoms attached to the phenyl
ring. Mono- and dichloro-substituted phenols (PhOHCl-DAOTA and PhOHCl2-DAOTA, respectively)
were selected to cover the most relevant applications. A tertiary amine (morpholino group, Morph7

DAOTA) was chosen as the second receptor group. This group is potentially useful to achieve
incomplete PET-quenching rendering both forms of the indicator emissive.
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Scheme 1: Synthesis of new pH sensitive DAOTA dyes and sensing mechanism of the indicators.

Photophysical properties
Absorption and emission spectra are similar for the new DAOTA dyes substituted with different PET
groups. The absorption and the emission maxima are located at ∼560 and 590, respectively, resulting
in a 30 nm Stokes shift (Figure 1, Table 1). The fluorescence quantum yields are comparable to those
determined by Laursen et al. for the dipropyl-DAOTA dye (58% in acetonitrile)47 with values between
48 and 63% in EtOH acidified with ~0.1% trifluoroacetic acid (TFA). Good quantum yields
compensate for moderate molar absorption coefficients of 10 – 14 • 103 L mol-1 cm-1 ensuring
acceptable brightness of the dyes. The fluorescence lifetimes are in the range of 17 to 19 ns in EtOH
solution (Table 1), as has been expected for DAOTA compounds. The fluorescence of PhOHClDAOTA and PhOHCl2-DAOTA is strongly quenched upon deprotonation of the receptor (Figure 1).
In contrast, we did not observe any pH sensitivity for the Morph-DAOTA indicating that the tertiary
amine is not an efficient PET quencher for the triangulenium chromophore.
Since luminescence of some cationic dyes is known to be efficiently quenched by chloride
ions48,49, this potential cross-talk was investigated. As can be seen from Figure S-20 (ESI), chloride
ions do not notably affect the fluorescence properties of the triangulenium dyes even at very high
concentration of 290 mM.
Table 1: Photophysical properties of DAOTA+ dyes in ethanol, acidified with ~0.1% TFA.
λmax,

PhOHCl2-DAOTA
PhOHCl-DAOTA
Morph-DAOTA

abs

λmax, em
[nm]

[nm]
562
562
559

589
590
589

ε
[L mol-1 cm-1]
(n=3)
13800 ± 1400
10600 ± 700
9800 ± 100

Φ(a)
[%]
(n=6)
63 ± 18
59 ± 7
48 ± 12

τ
[ns]
(n=3)
17.3 ± 0.1
17.7 ± 0.1
19.0 ± 0.9
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(a) Fluorescence quantum yields are determined as an average value of the absolute and relative

Norm. Excitation/Emission

quantum yields

a)

1.0

PhOHCl2-DAOTA
PhOHCl-DAOTA
Morph-DAOTA

0.8
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0.4
0.2
0.0
350
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600

650
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750

800

Norm. Emission Intensity

Wavelength / nm

b)

1.0
0.8

290 mM NaNO3

0.6

290 mM NaCl

0.4

490 mM NaCl
140 mM NaCl

0.2

40 mM NaCl

PhOHCl2
PhOHCl
Morph

0.0
2

4

10 mM NaCl
6

pH

8

10

12

Figure 1: a) Absorption and emission spectra for the dyes in EtOH solution (except otherwise stated,
all the solutions were acidified with ~0.1% TFA) b) calibration plots for the dyes dissolved in EtOH :
aqueous buffer (1:1 v/v). The buffer concentration in the solution was 10 mM, the salt (NaCl or
NaNO3) concentration is indicated for each calibration; (λexc = 560 nm, λem = 590 nm).

Photostability
To access the photostability of the triangulenium system, the EtOH solution of PhOHCl-DAOTA was
illuminated with a high power green LED. Two fluorescent dyes with similar spectral properties were
used for comparison: the coumarin dye Macrolex® Red and Rhodamine 101. As can be seen (ESI
Figure S-21), only minor degradation (3%) of PhOHCl-DAOTA was detected even after 1 h of
continuous illumination. In the same conditions about 1% of Macrolex® Red and 15% of Rhodamine
101 degraded, confirming excellent photostability of the triangulenium chromophore.

pH Optodes
pH optodes were manufactured via physical entrapment of the indicator dyes into a polyurethane
hydrogel D4 (water uptake 50%). Evidently, the spectral properties of the immobilized indicators are
very similar to the dissolved ones (Figure 2). Even at high concentrations (1% wt.) the absorption
spectra remain virtually unaltered (Figure 2a) which indicates absence of dye aggregation.
9

Deprotonation of the receptor results in a minor bathochromic shift of the absorption spectra and
almost complete quenching of fluorescence (Figure 2b). This response is reversible, showing almost
no hysteresis (ESI Figure S-22). Similar to the behaviour in solution, Morph-DAOTA immobilized
into D4 hydrogel did not show any pH sensitivity in the pH range from 3 to 12. (ESI Figure S-23).
Despite the positive charge of the triangulenium dyes in the protonated form and zwitterionic
character of the deprotonated species, the optodes showed no leaching of the indicators in aqueous
media during exposure to various buffers for several hours/overnight (ESI Figure S-24). This confirms

Normalized Absorption

the efficiency of the strategy based on a lipophilic anchor group in the indicator molecule.

a)

1.0

1%
0.5%
0.3%
0.15%

0.8
0.6
0.4
0.2
0.0
350

400

450

500

550

600

650

700

1.0

b)

0.8

1.0

pH 3
pH 5
pH 7

0.8

0.6

0.6

pH 3
pH 5
pH 7

0.4

0.4

0.2
0.0
450

0.2

500

550

600

650

Normalized Emission

Normalized Absorption

Wavelength / nm

0.0
700

Wavelength / nm

Figure 2: a) Absorption spectra of different concentrations of PhOHCl2-DAOTA in D4. b) pH
dependency of the absorption and emission (λexc = 560 nm) spectra of PhOHCl2-DAOTA dye 1% wt.
in D4.

pH Dependence of Fluorescence Intensity
Similar to solutions (Figure 1b), the pH sensors show typical sigmoidal dependency of both
fluorescence intensity and decay time. As expected, the sensors based on PhOHCl2-DAOTA and
PhOHCl-DAOTA indicators cover different dynamic ranges (Figure 3a) making them suitable for a
variety of potential applications ranging from biotechnology to biology and medicine.
The cross-talk of optical pH sensors to ionic strength resulting from different charges of the
protonated and deprotonated forms is well documented in literature. Not surprisingly, this cross-talk
was also observed for the sensors based on triangulenium dyes (Figure 3b). In fact, the apparent pK’a
value of the of PhOHCl2-DAOTA embedded into D4 hydrogel (1% wt. of the dye) increased from
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4.71 ± 0.01 to 5.00 ± 0.04 on going from 10 mM NaCl to 290 mM NaCl (overall ionic strength of ∼ 20
and 300 mM, respectively).
Subsequently, we investigated the effect of different cations and anions on the pH sensing
behaviour of D4-immobilized PhOHCl2-DAOTA, keeping total ionic strength constant. Whereas
several common metal cations used in physiologically relevant concentrations did not affect the
fluorescence properties of the sensor (ESI Figure S-25), we found a strong influence of the anion
nature on the response curve (Figure 3b). In fact, the apparent pK’a value increased from 5.00 ± 0.04
for 290 mM NaCl to 5.38 ± 0.04 for 290 mM NaNO3. This shift was even more pronounced in
presence of the perchlorate ion (addition of 100 mM NaClO4 to 190 mM NaCl); the material showing
the apparent pK’a value of 5.54 ± 0.09. Importantly, the nature of the anions similarly affects the
apparent pK’a values obtained from the absorption spectra (Figure 3c). Interestingly, the observed
trend correlates well with the position of the anions in the Hofmeister series.50
Polyurethane hydrogels are reported to be heterogeneous featuring microphase separation and
physical cross-linking typical for polyurethanes51 which is due to combination of hydrophobic
interactions (aggregation of hydrophobic domains in order to minimize the surface area contacting
with bulk water)52 and hydrogen bonding between NH groups and urethane carbonyl oxygen or ether
oxygen atoms.53 Therefore, the above behaviour may be due to formation of stable ion pairs between
the dye and the anion and the associated changes in the dye localization in the heterogeneous hydrogel
matrix. This can affect both the fluorescence properties and dissociation equilibrium due to different
activity of the protons and changes in microsolvation in the not purely aqueous medium. In fact, only
marginal difference between the pKa values obtained in 290 mM NaCl and 290 mM NaNO3 were
observed for the dissolved indicator (Figure 1b). Moreover, whereas in solution the emission intensity
of the dye appears not to be affected by the nature of the anion (ESI Figure S-20), the situation is
opposite for the hydrogel-immobilized dye (Figure 3d). Here a strong enhancement of the fluorescence
intensity in the row Cl-<NO3-<ClO4- was observed. Immobilization of the indicator into the blends of
hydrogel D4 and Nafion® 117 membrane (a perfluorinated polymer with charged sulfonate-groups)
virtually eliminated the anion interference albeit at the cost of strong dependency of the apparent pKa
of the indicator to ionic strength explained by the highly charged character of the matrix (ESI Figure
S-27). Based on above considerations, immobilization of the triangulenium indicators into
homogeneous polymeric matrixes (e.g. acrylamides, acrylates etc.) or their covalent attachment to the
polymer support (e.g. cross-linked polymeric microparticles, silica-gel beads etc.) should be
considered in future as a possible way to minimize the anion influence.
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Figure 3: a) Fluorescence response of the PhOHCl2-DAOTA and PhOHCl-DAOTA embedded into
hydrogel D4 (1% wt. of the dye, 290 mM NaCl); b) and c) pH dependency of fluorescence
(λ = 590 nm) and absorption (λ = 560 nm), respectively, of PhOHCl2-DAOTA in D4 (1% wt. of the
dye) in buffers with different ionic strength and type of anions; d) Influence of ionic strength and type
of anion on the fluorescence intensity of the same material measured at pH 3; buffer concentrations in
all cases 10 mM; (λexc = 560 nm).

pH Dependence of Fluorescence Decay Time
Fluorescence lifetime measurements in EtOH:buffer solutions revealed that the decay time was
independent on pH (17.3 ns, ESI Figure S-28). Such behaviour is not unexpected since only the
protonated form of the dye is emissive and “visible” for the decay time measurement. In contrast, a
clear pH dependency of the average decay time was observed for the polymer-immobilized dyes
(Figure 4). More detailed investigation revealed strong dependency of the calibration plots on the
concentration of the immobilized dye (Figure 4).
This unexpected lifetime sensitivity is attributed to the homo-FRET process. In fact, the
overlap between absorption and emission spectra is clearly visible (Figure 2). Moreover, despite rather
modest bathochromic shift of the absorption spectrum, the overlap increases significantly upon
deprotonation of the dye. The FRET efficiency and the observed lifetime change is the highest for 1%
dye doping (∼2-fold lifetime change from pH 3 to pH 8). On the contrary, it is the least pronounced
(only 15% decrease in the same pH range) for the lowest concentration of the dye in the polymer
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(0.15% wt.). Nevertheless, even the lowest concentration of the dye in the optode is much higher than
for the solutions (∼2.5 mM for the swollen hydrogel and 10 µM for the solution) where no lifetime
change was recorded. Clearly, because of the self-referenced character of the decay time, the new
materials are very promising for a lifetime-based micro- and macroscopic imaging using a FLIM
technique. Imaging of pH with planar optodes gains importance in marine biology54,55, soil and plant
research4,5, medicine7 and other areas and is currently performed either in ratiometric mode or using a
so called dual lifetime referencing technique. These methods typically require addition of other
luminescent reference emitters which makes the system more complex and does not eliminate some
interferences (e.g. from light scattering or background fluorescence). The advantage of the new optode
for lifetime imaging of pH is strong modulation of the decay time which however remains sufficiently
long to discard the autofluorescence from the sample. Moreover, the decay only slightly deviates from
the mono-exponential behaviour (ESI Figure S-29) which can also be useful for background
elimination and simplified data processing.
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Figure 4: Response of the fluorescence lifetimes to pH for different concentrations of PhOHCl2DAOTA in D4 (% wt.) and of 10 µM dye solution (MeOH:buffer 30:70) at 25 °C, 10 mM buffer and
140 mM NaCl; the inflection points of the curves are marked in the graph.

FD-FLIM imaging with the planar optodes
In order to demonstrate the practical applicability of the sensors we interrogated them with a new
frequency-domain lifetime imaging camera, pco.flim.44,45 The pH dependencies of the fluorescence
decay time obtained in the imaging experiments (Figure 5a) and TCSPC (Figure 4) are similar. The
planar optode placed inside the chamber of a microfluidic chip (Figure 5b) proved to be excellently
suitable for monitoring of pH gradients (Figure 5c and 5d). This can be useful, for instance, for
monitoring enzymatic reactions56 and for isoelectric focusing.9,10 The experiment also shows that the
planar optode in combination with the FD-FLIM camera can also be used on macroscale for other
experiments, for example monitoring pH in biofilms6 or during wound healing.7,8
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Figure 5: FLIM imaging of pH with the planar optode based on PhOHCl2-DAOTA in D4 (1 % wt).
(a): pH dependency of the fluorescence lifetime obtained in the microscopic imaging experiment
(read-out area ∼0.9x0.9 mm). The foil has been measured at ≥ 3 different spots for each pH value. (b):
photographic image of the microfluidic chip with integrated sensor foil. (c) and (d): false color images
of decay time and pH distribution, respectively, for the microfluidic chip simultaneously flushed with
buffers of pH 6.5 and 5.0 (speed 21 µL min-1).

pH nanosensors
Several types of nanoparticles with immobilized indicators were prepared in order to explore the selfreferenced lifetime measuring capabilities. In order to ensure high efficiency of homo-FRET,
comparably high concentration of the dye was used (0.75% wt.). Nanoparticles prepared upon
immobilization of PhOHCl2-DAOTA into anionic PMMA-MA showed aggregation in buffer
solutions, which might be due to destabilization of the particle by the cationic dye. The cationic RL100 nanoparticles (Z-potential of +41 mV), on the contrary, were stable in water and in buffers. Their
size (16 nm, PDI=0.410) was significantly below the size of the RL-100 particles doped with a
hydrophobic oxygen indicator (30-40 nm).57,58 The dyes showed no leaching from the nanoparticles in
aqueous buffer solution evidenced by formation of colored precipitate and uncoloured solution upon
coagulation of the beads at high concentration (∼3 mg/mL) and high ionic strength (300 mM). For
both dyes in RL-100 nanoparticles, pH calibrations in fluorescence intensity and decay time mode
yielded sigmoidal calibration plots (ESI, Figure S-31).
PhOHCl2-DAOTA was also immobilized in poly(styrene-sulfonic acid) (PSSA) which forms
very small (6 nm) and highly negatively-charged (Z-potential of -49 mV) nanogel. The fluorescence
intensity decreased by about 80% on going from pH 4.5 to 7.5, showing the characteristic sigmoidal
response with an apparent pK’a of 5.98. Change in fluorescence decay time, however, was not
observed. This indicates that the PSSA dispersion cannot provide the spatial proximity necessary for
efficient homo-FRET.
As expected, the inflection point of decay time measurements for PhOHCl2-DAOTA
embedded in the positively charged RL-100 nanoparticles was about one pH unit lower than in the
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uncharged hydrogel D4 (4.02 and 5.00, respectively). On the contrary, the pKa´ value for the dye in
negatively charged PSSA (5.98) was about one pH unit higher than in D4.
Due to the possibility of the self-referenced read-out, the Rl-100 based nanosensors were
expected to be highly promising for intracellular pH imaging. Although they showed no evident
toxicity after internalization by the human colon cancer HCT116 cells (ESI, Fig. S-32), the staining
was very fast (1 h or less) and highly similar to the free dye, which may indicate leaching of the dye
from the nanoparticles inside the cells, due to their small size (ESI, Fig. S-33, S-34). For comparison,
the nanoparticles prepared from the same polymer typically require three hours and more for cell
internalization.58,59 The assumption of leaching was also supported by the FLIM measurements in
cells, when no reliable pH response and loss of mitochondrial-like localization after dissipation of
mitochondrial pH gradient were observed (ESI, Fig. S-35, S-36). Therefore, for intracellular pH FLIM
sensing, it appears to be essential to completely eliminate ‘in-cell’ leaching of the dye out of the
nanosensors, which can be possible by using longer (or/and branched) anchor groups or via covalent
grafting of the indicators into the polymer.

CONCLUSIONS
In this work, we presented synthesis and characterization of new fluorescent pH indicators based on
diazaoxatriangulenium dyes. The dyes were rationally designed to bear both a pH-sensing
functionality and a hydrophobic anchor group for non-covalent immobilization into hydrogel matrices
and nanoparticles. The dyes feature absorption and emission in the green-orange part of the spectrum
and possess excellent photostability. Importantly, the pH indicators retain extremely long fluorescence
decay times enabling efficient elimination of autofluorescence in time-resolved measurements.
Chlorinated phenols proved to be excellent receptors, which enable pH modulation via
photoinduced electron transfer. The dyes decorated with mono- and di-chlorinated moieties possess
largely different pK’a values and therefore enable high versatility of potential applications.
Unexpectedly, we have found strong pH dependency of the fluorescence decay time for the indicators
immobilized into a polyurethane hydrogel and polymeric nanoparticles. Being concentrationdependent and not observed for the dissolved indicators this behaviour is attributed to homo-FRET.
Self-referenced character of the lifetime measurement makes the new materials particularly attractive
for pH sensing and imaging. Whereas pH measurement in cells with help of nanosensors proved to be
impossible due to dye leaching in the intracellular environment, the planar optodes were shown to be
promising for imaging of pH distribution with help of a FD-FLIM camera. This paves the way to a
variety of applications eliminating the need for the reference luminophore which so far has to be added
into the sensing material for reliable measurement. Covalent immobilization of the dyes into the
polymers represent the next logical step in order to eliminate leaching of the indicators out of the
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nanoparticles and possibly reduce the cross-sensitivity of the sensor response to the nature of anion
used.
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