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ABSTRACT: In this work, a family of pH-responsive
fluorescent probes has been designed in a rational manner
with the aid of quantum chemistry tools, covering the entire
pH range from 0−14. Relying on the boron−dipyrromethene
(BODIPY) core, all the probes as well as selected reference
dyes display very similar spectroscopic properties with ON−
OFF fluorescence switching responses, facilitating optical
readout in simple devices used for detection and analysis.
Embedding of the probes and reference dyes into hydrogel
spots on a plastic strip yielded a test strip that reversibly
indicates pH with a considerably small uncertainty of ∼0.1 pH
units. These strips are not only reusable but, combined with a
3D-printed case that can be attached to a smartphone, the USB port of which drives the integrated LED used for excitation,
allows for autonomous operation in on-site or in-the-field applications; the developed Android application software (“app”)
further simplifies operation for unskilled users.

The pH value is among the few chemical parameters that
are ubiquitously of high importance. Whether the

availability or mobility of inorganic ions for organisms or in
environmental compartments is concerned,1−3 processes in
wastewater management, the biotechnological or chemical
industry,4−6 physiological processes in organisms, both vital
and detrimental or between organisms and their environ-
ment,7−10 global ecological or intracellular regulatory scenar-
ios,11−13 pH is often decisive.
Among the different systems for pH measurement, the pH

glass electrode is by far the one most commonly used.14

Nonetheless, glass electrodes often show a rather poor
performance in both extremes of the pH scale, especially in
the highly alkaline region and have to be recalibrated in a
discontinuous way.15 Optical pH sensors or optodes can be a
good alternative here. Such sensors operate through changes in
their optical properties such as absorption, fluorescence, or
reflectivity upon variations in pH.16,17 In recent years,
fluorescence sensors have become predominant because they
are simple to implement and offer high sensitivity and
specificity. Basically, an embedded fluorophore undergoes
either a spectral or intensity change upon reversible
protonation/deprotonation.
The optical response of a fluorescent pH indicator is a

function of the concentration of the acidic and basic forms of
the indicator,18 which follows the Henderson−Hasselbalch
equation. This results in a sigmoidal response function with a
dynamic working range of commonly 2 pH units, which only

allows for the determination of pH values in specific pH
windows.19 Researchers have thus conceived various strategies
to broaden the pH range of optical indicators by the use of
polyprotic dyes or metal−organic frameworks,20,21 the multi-
layer adsorption of indicators,22 pH-triggered aggregation-
induced emission,23 conjugated or block copolymers bearing
sensing units,24,25 the use of artificial neural networks,26 the
modulation of the curvature of hollow mesoporous silica
particles with affixed sensing units,27 quantum or carbon
dots,28,29 or mixtures of spectroscopically compatible indicators
for different pH ranges.30−35 The latter is not only also the
longest known concept since the establishment of broadband
pH papers in the 1920s36 but has been realized in a multitude
of ways by combining various dyes of different classes with
suitably differing pKa in a single membrane36 or in individual
elements of a membrane33 as well as by using derivatives of a
single dye class with selected pKa, embedded in molecular30,32

or particle-bound30,34,35 form in thin sensor films (for a more
detailed overview, see Section S1, Supporting Information).
However, among the large amount of optical pH sensors

reported, only very few cover a range of ≥10 pH units and all of
these systems rely on the combination of dyes with different
pKa values.26,30,32−34 To achieve a linear response over the
desired pH range, ΔpKa between consecutive indicators should
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not exceed 1.7.37 The latter directly points to the major
constraint in this regard, i.e., the still existing lack in
photochemically stable fluorescent dyes with pKa in the highly
alkaline region at pH > 10;38−40 for examples in absorbance, see
refs 41 and 42.
On the basis of our recent activities in the field,39,43 we

became interested in devising a flexible broadband pH sensing
system that can potentially be implemented in various simple
devices, the simplest perhaps being strips,44 and that can yield
quantitative information in a reliable manner with the help of
only a simple aid such as widely available mobile
communication devices used in everyday life. Since a suitable
dye unit shall be at the heart of such a system, we opted for
boron−dipyrromethene or BODIPY dyes, which possess
advantageous properties, such as high thermal and photo-
stability, high brightness in a suitable optical window, facile
synthetic modifiability, and possess favorable octanol−water
partition coefficients for final steric immobilization in a
polymeric sensing matrix.45−47

Here, we present a series of such BODIPY pH indicators
(Chart 1), most of them newly designed in a rational fashion,
and their integration into a strip-based array via hydrogel
embedding that allows for reversible quantitative pH measure-
ment over the entire range from pH 0 to 14 utilizing a
conventional smartphone.

■ EXPERIMENTAL SECTION

Materials, Methods, and Instrumentation. Reagents for
synthetic procedures were obtained from commercial suppliers
and used without further purification, unless indicated
otherwise. Air- and moisture-sensitive reactions were carried
out with previously dried materials under N2 atmosphere.
When required, solvents were dried for 24 h over 3 Å molecular
sieves. All details on syntheses and compound characterization
are collected in Sections S1 and S9, Supporting Information.
UV−vis absorption spectra were recorded on a Specord 210-

Plus spectrophotometer from Analytik Jena. Steady-state
fluorescence measurements were carried out on a FluoroMax-
4 spectrofluorometer from Horiba Jobin-Yvon, using standard
10 mm path length quartz or PMMA cells. All the solvents
employed for the spectroscopic measurements were of UV
spectroscopic grade (Aldrich). Schott Nexterion Slide E and
PolyAn 3D-Epoxy Slides were used as solid supports for the
dye-doped hydrogel and were cut into 10 mm strips which fit
into commercially available PMMA cells. The hydrogel
HydroMed D4 (ether-based hydrophilic urethane, water
content 50%) was received from AdvanSource Biomaterials
Corp.

Preparation of Dye-Coated Strips. In total, 0.5 g of
HydroMed D4 were dissolved in a mixture of 5.4 g of EtOH
and 0.6 g of H2O by mechanical mixing for 24 h to ensure
homogeneity. Then, 398 μL of 1,4-dioxane stock solutions of
the dyes (1−10, R1−R3, In1−In7; c = 2.5 mM) were added to
the hydrogel solution to achieve dye concentrations of 2 μmol
g−1 of polymer. The mixture was stirred additionally for 1 h
before dip-coating the epoxy functionalized polymer slides.
Excess hydrogel was removed by placing the strips vertically
over absorbing paper before air-drying the strips for 3 h prior to
use.

Preparation of Array Containing Dye Membranes.
Viscous hydrogel solutions were prepared by dissolving 4.0 g of
HydroMed D4 in a mixture of 21.6. g of EtOH and 2.4 g of
H2O by mechanical mixing for 24 h. Then, 4 μL of 1,4-dioxane
stock solutions of each dye (1−10, R1−R3, In1−In7; c = 32.2
mM) were added to 1 mL vials containing the viscous hydrogel.
After 1 h of agitation, 12.5 μL of each solution was carefully
placed in a corresponding well on a custom-made poly(methyl
methacrylate) (PMMA) strip and allowed to dry for 3 h. The
deposited amount of dye-containing hydrogel was experimen-
tally optimized to ensure a flat membrane surface after drying,
thus avoiding inhomogeneities due to meniscus formation.

pKa Determination in Solution and in Membranes.
Neat solutions (≤10 μL) of dyes 1−10 and In1−In7 in 1,4-
dioxane (32.2 μM) were added into quartz cells containing an
H2O−EtOH 1:1 (v/v) mixture while keeping the resulting
amount of 1,4-dioxane below 0.4% and the optical density of
the solution at λabs

max ≤ 0.1 (cdye ∼ 1 μM). Aliquots of 0.01−1 M
KOH (for 4-hydroxyphenyl-based dyes 5−10) or 0.01−1 M
HCl (for dyes 1−4 and In1−In7) in the solvent mixture were
added to the solutions under mechanical stirring, while the pH
was constantly monitored with a digital pH meter (pH lab 827,
Metrohm) equipped with a glass electrode (Biotrode).
Absorption and fluorescence spectra were taken after addition
of each aliquot. For the final analysis, pH values in the solvent
mixture were activity-corrected as detailed in ref 39. For the pKa
measurements of the dye-doped hydrogels, the coated polymer
slides containing the different dyes were introduced into
PMMA cells in a 45° geometry. The cells were filled with 2.5

Chart 1. Chemical Structures of the Dyes in This Work;
Nomenclature: 1−10 Are the Probes Used in the Final
Assays, R1−R3 Are the Reference Dyes Used Accordingly,
In1−In7 Are Indicator Dyes Not Finally Used in the Assay
on Strip
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mL of MiliQ water, and the pH was modulated following the
above procedure with an additional manual stirring, followed by
absorption and emission measurements after each pH step.
pH Measurements with Smartphone. pH measurements

with smartphone read-out were performed with a self-written
Android program installed in a Samsung Galaxy S II (GT-
I9100). The program (or app) calculates the pH according to a
previously taken picture of the strip. After photographing, the
app recognizes the different pH indicators, evaluates the
emission intensity of each individual probe, and computes the
pH by processing these values in the Henderson−Hasselbalch
equation.
Prior to the start of the measurements, the strips were soaked

in water for 120 s and then immersed in the test solution for
150 s. After removal of the strip from the solution, any excess
water was removed with absorbing paper. An image was then
recorded using only the zoom function, when necessary, after
placement of the strip in the holder attached to the
smartphone. The entire pH range was measured by employing
aqueous solutions buffered at pH values of 0.51, 1.23, 2.02,
2.51, 3.02, 3.54, 4.07, 4.58, 5.08, 5.58, 6.08, 6.49, 7.01, 7.52,
7.98, 8.49, 9.03, 9.57, 9.89, 10.20, 10.87, 11.76, 12.42, 12.95,
13.37 (±0.03). After the experiments, the strip was stored in a
closed box, avoiding unnecessary exposure to light. When
stored in day light, photobleaching has not been observed for
up to 2 weeks.
Computational Details. Optimization of the S0 ground-

state geometries in the gas phase was performed with the
density functional theory (DFT) method employing the hybrid
functional B3LYP with a 6-31G basis set and energy minimized
as implemented in Gaussian 03.48

pKa Correlation and Prediction. As suggested by Seybold
and co-workers,49 Mulliken charges of the OH group in the
phenol series (QOH) and the amino substituent in the aniline

series (QAn; for detailed description, see Section S3, Supporting
Information) were used for the correlation with the
experimentally determined pKa values. A pyridine series was
not explicitly modeled, because these three dyes were finally
only chosen to fill the gap in the highly acidic region, on the
basis of recent findings by Bartelmess et al.50

■ RESULTS AND DISCUSSION

Since the early works by Wolfbeis’ group and us,38,51 many
proton-responsive BODIPY dyes have been described, most of
them acting through appended phenol, aniline, or pyridine
groups.50,52−54 While systematic tuning of the pKa of such dye
families has frequently been realized, the ΔmaxpKa, defined as
difference between the two dyes with the highest and lowest
pKa, achieved for such series commonly amounted to ≤2,
irrespective of the pH-active unit.50−52 Only the recent
broadband approach of Klimant’s group that relies on aza-
BODIPYs shows a more promising ΔmaxpKa ∼ 5 in H2O−
EtOH 1:1 solution (ΔmaxpKa ∼ 4 in hydrogel) for the
integrated phenol moieties.32 Since the use of different dye
classes in broadband sensors often entails problems already
because of different solubilities in the matrix material, pH-
responsive subunit tailoring seemed the best option to us.
However, attempting a maximum ΔmaxpKa > 5 in such a series,
we did not embark on extensive syntheses. Instead, we invoked
a rational approach by first synthesizing only two derivatives of
a single family and correlating the measured pKa to a suitable
parameter derived from quantum chemical calculations of the
respective dyes. Then iterative modeling of other derivatives,
prediction of their pKa and synthesis of the most promising
target dyes were carried out to yield a library of 17 dyes
synthesized in total, constituting a matrix of indicators that
covers the whole pH range with pKa between 0.5 and 12.8 (in
the final hydrogel formulation). In contrast to Klimant’s group,

Table 1. Spectroscopic Properties and pH-Responsive Behavior of the Dyes Presented in This Worka

probe λabs[nm] λem [nm] λabs [nm] λem[nm] Φf
ON Φf

OFF pKa
b pKa

c FEF FEF

sol. sol. D4 D4 sol. sol. sol. D4 sol. D4

R1 524 537 527 540 1.00 −d −d −d −d −d

R3 537 645 538 633 0.03 −d −d −d −d −d

R2 532 539 534 548 <0.01 −d −d −d −d −d

1 531 550 530 548 0.55 0.01 0.95 0.50 22 1.8
2 529 545 531 545 0.64 0.15 2.15 2.30 99 35
In1 528 546 530 543 0.88 0.17 3.33 2.34 49 16
In2 528 541 528 541 0.86 <0.01 1.55 0.95 174 1.4
In3 527 539 529 540 0.76 <0.01 2.87 2.11 58 2.4
In4 528 544 530 542 0.85 <0.01 4.46 2.82 233 2.6
In5 525 539 529 539 0.75 0.03 4.62 2.98 36 2.5
3 529 540 527 540 0.98 <0.01 4.62 3.29 317 7.2
In6 528 541 530 541 0.90 0.08 5.75 4.67 7 1.8
4 540 553 543 554 0.96 <0.01 5.13 6.11 193 5.4
In7 529 542 532 541 <0.01 <0.01 6.09 7.05 10 6.4
5 528 540 531 541 0.85 <0.01 7.40 8.43 923 31.9
6 528 541 534 541 0.98 <0.01 7.13 8.91 630 18.7
7 526 538 530 540 0.89 <0.01 8.75 9.96 138 21.0
8 530 541 533 541 0.96 <0.01 9.33 10.58 207 98
9 523 532 526 534 0.90 <0.01 9.98 11.44 332 205
10 522 533 525 535 0.93 <0.01 13.10 12.83 51 20

aOnly the optical properties of the dyes in its ON state are shown. (sol.) stands for solution (H2O−EtOH 1:1 v/v), (D4) stands for polyurethane
hydrogel, FEF stands for fluorescence enhancement factor; for fluorescence lifetimes of selected ON states, see Table S7; R1 in CH2Cl2 (Φf = 0.95)
was used as reference for the quantum yield calculations.57 bUncertainty of measurement ± ≤0.04. cUncertainty of measurement ± ≤0.05. dNot
applicable.

Analytical Chemistry Article

DOI: 10.1021/acs.analchem.7b01903
Anal. Chem. 2017, 89, 8437−8444

8439

http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b01903/suppl_file/ac7b01903_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b01903/suppl_file/ac7b01903_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.analchem.7b01903/suppl_file/ac7b01903_si_001.pdf
http://dx.doi.org/10.1021/acs.analchem.7b01903


we chose the 1,2,3,5,6,7-hexaalkylated BODIPY core as the
basic chromophore and coupled the pH-responsive unit
through the 8- (also called meso-) position (Chart 1). Such
dyes are not only straightforward to synthesize and absorb and
emit well in the visible range of the spectrum with very high
brightness but can also be very easily tuned toward the red by
3,5-substitution or toward higher hydrophilicity by difluoride
exchange,43,55 rendering them very versatile for future adaption
to other applications. In essence, all BODIPYs were prepared
by common synthetic procedures45 using the corresponding
aldehyde derivatives (see Section S8, Supporting Information).
Chart 1 collects the prepared compounds: 4−10 and In7

belong to the phenol series, 3, In2−In6, and R2 to the aniline
series, 1, 2, and In1 to the pyridine series, R3 is a permanently
cationic pyridinium dye, and R1 the nonresponsive meso-
phenyl parent dye.
Spectroscopic Properties and Photophysics. All the

dyes in this study share the characteristics of the 1,3,5,7-
tetramethyl-2,6-diethyl-BODIPY core, i.e., strong lowest-energy
absorption and intense emission bands at ∼530 ± 10 and 540
± 10 nm, respectively. The advantage of sharing the same core
endows the whole system with simplicity as only single
excitation and emission wavelengths are required for inter-
rogation of all the dyes. We chose the hexaalkylated core
because it is the brightest and most photostable one among the
core-alkylated BODIPYs. Especially the methyl groups attached
to the 1,7-positions guarantee a minimal influence of the
responsive group in the meso-position on the spectral features
of the dyes, because it is perpendicularly oriented, i.e.,
electronically virtually decoupled.51 Although possessing very
diverse electronic features, the meso-substituents act thus only
through minor inductive effects on the spectral band positions
of the 17 dyes.
Water−EtOH solutions (1:1 v/v, cdye = 1 μM) of all the dyes

showed intense and narrow absorption spectra, indicating that
the dyes are neatly dissolved in this medium and that
aggregation does not occur. In accordance with BODIPY
photophysics, the main absorption band was assigned to the
intense S1 ← S0(ππ*) transition, together with the accompany-
ing vibronic shoulder at ∼1200 cm−1 higher energies (Figure
S7). Emission occurs from a BODIPY-localized excited state
(LE) at ∼540 nm. Strongly red-shifted emission bands that are
known to arise for meso-aniline-substituted BODIPYs
especially in aprotic organic solvents because of an intra-
molecular charge transfer (ICT) process in the excited state
have not been observed during our studies in either mixed

aqueous or hydrogel matrixes. The Stokes shifts of 7−13 nm
are small for all the dyes, stressing the high rigidity of the core
and the structural resemblance of the ground and excited states.
Nonradiative deactivation pathways are thus negligible, which is
reflected by the high fluorescence quantum yields in the ON
state (Table 1; see below for a more detailed discussion).

pH-Responsive Behavior. For the phenol- and pyridine-
containing dyes, the neutral state is the highly fluorescent ON
state. Ionization of these dyes, either by deprotonation to yield
the phenolate (4−10, In7) or by protonation of the pyridine-N
(1, 2, In1), then produces a strong quenching. Figure 1 and
Figure S6 reveal that in case of the phenol−phenolate
transition, the shape of the absorption band remained
unchanged and only the spectrum was displaced by ∼5 nm
to shorter wavelengths. The emission band was virtually
unchanged, the intensity gradually decreasing with increasing
degree of deprotonation. As can be deduced from Table 1, the
OFF states of the phenol series are virtually nonfluorescent (Φf
< 0.01), resulting in a very efficient ON−OFF switching with
factors up to several hundred (Figure 1c). Mechanistically,
these features can be explained with deprotonation shifting the
molecular orbitals (MO) localized only on the meso-
substituent energetically upward so that they become HOMO
and HOMO−1 (Figures S9 and S10). Accordingly, if a
BODIPY-centered excitation from HOMO−2 or lower into
LUMO occurs, photoinduced electron transfer (PET) from the
meso-group can efficiently quench the fluorescence without
noticeable spectral changes as is well-known for such virtually
decoupled PET probes.56 A detailed discussion is given in
Section S8, Supporting Information.
For the pyridine series, the situation is comparable yet

reversed. Protonation leads to meso-group localized MOs being
shifted downward, in between the BODIPY-localized MOs.
Whereas HOMO−2, HOMO−1, HOMO and LUMO are
BODIPY-localized in 2 and only HOMO−3, LUMO+1, and
LUMO+2 are pyridine-localized, all MOs from HOMO−7 to
HOMO yet next only LUMO+2 are BODIPY-localized in 2H+;
now, LUMO and LUMO+1 are pyridine-localized. The latter
thus act as efficient acceptors for an electron having been
excited into the BODIPY-centered LUMO+2 (Figures S9 and
S10). Since the direct HOMO−LUMO transition is strongly
forbidden due to the perpendicular arrangement of both
molecular fragments, the red-shifted and very weak fluores-
cence of the protonated OFF state presumably arises from an
excited-state ICT process as has been proposed by Harriman et
al. (Figure 1a).58 The decrease upon protonation is

Figure 1. Fluorescence spectra (λexc = 500 nm) and titration profiles of a sensor film containing (a) In1, (b) 3, and (c) 10 immersed in water at
different pH. The pH of the solutions was modulated from neutral to ∼pH 1 by subsequently adding small aliquots of HCl solution (0.01−1.00 M,
parts a and b) or from neutral to ∼pH 14 by subsequently adding small aliquots of KOH solution (0.01−1.00 M, part c). The thick blue line
corresponds in all cases to the spectrum of the dye in its neutral form, while the thick gray line represents the spectrum of the dye as ionic species.
The insets show the fluorescence intensity at λem = 540 nm plotted as a function of pH.
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accompanied by a strong bathochromic shift in emission (82
and 55 nm for 2 and 62 and 34 nm for In1 in solution and
hydrogel, respectively), while absorption shifts were negligible
with 5 and 7 nm for 2 and In2. The latter observation supports
the mechanistic assumption of an ICT process being active in
the excited state, possibly connected to a less twisted
conformation. Because of the formation of the new ICT
emission band, these compounds are not completely dark in the
OFF state. In contrast, no distinct spectral shifts in absorption
or emission were noticed for 1, only protonation-induced
quenching, with the exact mechanism being yet still unclear.
Opposite to the pyridine derivatives, the aniline dyes suffer

from fluorescence quenching through a PET-like mechanism in
their neutral form, i.e., they are in the OFF state when
deprotonated, showing virtually no emission (Figure 1c).51,56 If
the molecules are protonated at the aniline moiety, the PET
process is blocked and the fluorescence restored, switching the
OFF state back ON. The data in Table 1 suggest that the OFF
state of some aniline dyes is not as efficiently quenched as that
of the phenol dyes. The latter is attributed to hydrogen
bonding interactions of water and/or ethanol molecules
solvating the dye with the lone electron pair of the aniline-N,
in line with previous observations.59 All the dyes were subjected
to pH titrations, and the resulting pKa data together with the
fluorescence enhancement factors (FEF) are collected in Table
1. As can be seen, the probes covered pKa from 0.95 to 13.1
with the FEF reaching a maximum value of >900.
Hydrogel. As mentioned above, the chemical nature of the

hexaalkylated BODIPY core is ideally suited for steric
embedding into polar matrixes while avoiding leaching in
aqueous solutions. Urethane hydrogels are such a matrix and
thus the probes and dyes were embedded at 2 μmol g−1 of
polymer. The spectroscopic properties of the dyes remained
virtually identical, i.e., the absorption and emission maxima
were only slightly shifted by ≤4 nm to the red for the acidic
dyes 4−10 or to the blue for the basic dyes 1−3, In1, In2, and
In4−In6 while no broadening was observed. These findings
were attributed to the slightly lower polarity of the hydrogel
compared to H2O−EtOH mixtures. The pKa data of all the
dyes embedded in the hydrogel matrix are also presented in
Table 1. The data reveal that the pKa of the aniline- and
pyridine-based probes are lower in the hydrogel matrix when
compared to neat solution, whereas an opposite trend is
observed for the phenol based probes, most likely arising from
the different microenvironment and altered proton mobility.
Smartphone-Based pH Sensing. At present, the scientific

community is beginning to take more and more advantage of
smartphone-based sensing and chemometrics. This is basically
rooted in the fact that these devices are equipped with rather
powerful cameras and have their own data acquisition, analysis,
and transmitting units on board. Not only is the device rather
low-cost and already in the hand of a large number of potential
users but its command does not require a specifically skilled
user. Analytical applications for smartphone readouts are thus
becoming increasingly popular,60−62 among them also first
attempts to measure pH.63,64 However, as with every rapid test
for everyday use, reliability and unequivocal quantification are
essential requirements that the combination of chemical test
and mobile devices finally have to master for the technology to
become widely accepted in society. When using a smartphone
CMOS for measuring fluorescence, the limitations in sensitivity
and resolution have to be considered. Additionally, the CMOS
module driver autocompensates for different light inputs with a

variation of the integration times (exposure times), making the
reproducible obtaining of unreferenced values challenging.
Therefore, the “ideal” fluorescent probe for a smartphone
application should fulfill certain requirements: high fluores-
cence quantum yield, strong switching between ON and OFF
states of the probe, and a low to negligibly intensity in the OFF
state. Finally, if this probe is to be combined with others in an
actual multiprobe sensor matrix, the probes should at best show
rather similar spectroscopic features to better fit into the same
exposure window.
Among the dyes developed in this work, 1−10 meet these

requirements. For all of them, Φf
ON ≥ 0.55 (in solution) and 5

< ΔΦf
ON−OFF < 210 (in hydrogel).65 Moreover, the absorption

and fluorescence colors of the ON states are also rather
uniform with λabs

max = 531 ± 5 nm and λem
max = 543 ± 6 nm for the

13 dyes 1−10 and R1−R3 in the hydrogel (Figures S6 and S7).
Accordingly, because probes 1−10 cover the entire pH range
with intervals of <2.0 pH units between them (Figure S3), we
proceeded with their integration into a broadband pH strip for
smartphone analysis. Because of the lack of probes ideally
matching pKa 4 and 7, we mixed the two neighboring probes to
get those required pKa values (Figure 2 and Figure S3).

Additionally, the matrix implemented on the custom-made strip
includes dyes R1, R2, and R3 as internal references, i.e., as ON
reference for dyes 1−10, general OFF reference and specific
OFF reference for 1 and 2, respectively. For the preparation of
the sensor strip, the probes and reference dyes were dissolved
in a more viscous hydrogel, and 12.5 μL of these viscous gels
were placed in the sensing spots on a homemade PMMA strip
in the configuration shown in Figure 2.

Software. A smartphone application (“app”) was pro-
grammed in Java programming language, on Android Studio
2.0 using Android SDK tools API 22 (Android 5.1),66 to
facilitate matrix readout and data analysis. Operation of the app
is straightforward and user-friendly. After starting the app, the
field of view of the smartphone camera is displayed on the
screen. The user is requested to insert the strip into the
measurement chamber and to start the measurement with the
“shoot” button. After the image analysis, the pH of the strip is
displayed on the screen (Figure S1).

Image Analysis. Measurement of the different sensing
spots is done by analyzing the luminance (Y̅) values of dyes 3−
10, while in the case of the pyridine-based dyes 1 and 2, which
produce a strong shift in the fluorescence emission wavelength,
the hue parameter (H) is measured. The representative values
of the samples (vs

r), either luminance or hue, are then mapped
against the representative values of the corresponding ON
(vON

r ) and OFF (vOFF
r ) references, yielding a quantitative value

proportional to the fraction of probes in the ON state.
Calibration. As mentioned before, actual smartphone

camera modules are equipped with a hard-coded autoexposure
compensation to achieve a better color distribution based on

Figure 2. Final configuration of the sensor and reference spots
containing 1−10 and R1−R3 on the PMMA strip. The 16 wells were
arranged in a 4 × 4 fashion, with a grid size of 8 mm. The dimensions
of the wells were height = 50 μm, diameter = 5 mm.
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the observed histogram. In extreme situations in which all
probes in the matrix are at either ON or OFF, the observed
light at the CMOS is very extreme in the sense that the
autoexposure compensation system is triggered. A measure-
ment of these extreme values can only be performed if a
correction step is applied subsequently. The latter is based on
the luminance relation between the probes and their ON and
OFF references. These corrections factors are obtained from
calibration measurements at pH 1 and pH 13. They only need
to be registered once for every strip (see section S4.5,
Supporting Information).
pH Determination with External UV365 nm Lamp as

Excitation Source. For a first performance assessment,
solutions of different pH were measured with the strip using
a laboratory UV cabinet at 365 nm with a power of 1 mW cm−2

as the light source. The smartphone was placed on top of the
cabinet with the camera facing down so that the strip could be
placed inside the cabinet and viewed through the glass window,
introducing a distance of ∼150 mm between strip and camera.
Each experiment was repeated 3 times and the obtained values
are plotted vs those measured with a pH electrode in Figure 3.

The correlation of the data obtained by both methods is very
good, yielding a linear fit with r2 = 0.997 and a slope of 0.971.
The average uncertainty was determined to 0.16 pH units. To
address the strips’ batch to batch reproducibility, the experi-
ment was repeated with three other strips, yielding a standard
deviation between strips of <0.20 pH units. A typical response
pattern of the intensity changes of the matrix of spots is shown
in Figure 4.
pH Determination with Customized Smartphone

Case Integrating Excitation Source. A case mountable
over the top end of the smartphone cover and containing a
measurement chamber into which the strip could be inserted
was designed and printed with a 3D printer. The chamber
accommodates all optical elements and a slot for strip insertion.
A case-mounted LED (470 nm) driven by 20 mA through the
smartphone’s micro-USB connector with a wire setup in the
OTG mode serves as the excitation source, at a distance from
the strip of approximately 60 mm. The light is guided through a
small polyethylene diffuser and selected by a 492 nm short-pass
filter (Semrock, 492 nm blocking edge, BrightLine, 1-in.)
before it hits the sensor strip at an angle of 45°. The
fluorescence is collected by the smartphone CMOS, placed at
0° and 47 mm over the strip, after having been selected by a

550 nm band-pass filter (Semrock, 550/49 nm BrightLine,
single-band bandpass, 1-in.); a detailed schematic is included in
Section S5, Supporting Information, Figures S4 and S5.
The procedure for the pH measurement with the

smartphone and the adapter was similar to the procedure
described before for the UV cabinet/smartphone combination.
First, the strips were calibrated at both extremes of the pH
scale. Then, after dipping the strip into the desired aqueous
solution, the excess of water was removed with absorbing paper
(conventional Kleenex placed over the strip), and the strip was
inserted into the slot. Three replicates were performed with
three different strips. In Figure 5, the pH values measured with
the smartphone are plotted against those measured with the
glass electrode.

Reversibility. The system developed here implies that it can
be used more than once, i.e., is different from disposable pH
paper strips. We thus demonstrated that repetitive measure-
ments are possible by exposing a strip 10 times to alternating
pH values, cycling between pH 2.51 and pH 10.20. At those
pH, most of the dyes are in their ionic form, which should
increase their solubility in water compared with the neutral
form, yet no tendency for leaching or washing out was
observed. Apart from the uncertainties of measurement, the pH
values were correctly reproduced (pH 2.58 ± 0.17 and pH
10.32 ± 0.22, Figure S8), showing that the sensor is reversible
and stable across very broad pH changes.

■ CONCLUSIONS
A library of 17 (2,6-diethyl-1,3,5,7-tetramethyl)-BODIPY pH
probes has been developed in this work, to cover the full scale
for pH measurement in aqueous solution. The probes have

Figure 3. Comparison of pH values obtained with the smartphone
photographing the sensor strip under illumination in a UV cabinet and
a conventional pH glass electrode. Solid and dashed show the ideal
and real fits, respectively. Values are the average of 3 independent runs.

Figure 4. Combination of different images taken of a strip at different
pH values as indicated. The strips were placed inside of the UV cabinet
and irradiated at 365 nm. Slight color shifts can be noticed especially
for the pyridine-based dye 2.
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been chosen for matching excitation/emission wavelength
ranges while at the same time possessing the typical robustness
and outstanding optical properties of BODIPY dyes. The pH
sensing capabilities have been demonstrated in solution and for
individual polymeric slides coated with a hydrogel mixture
containing selected probes. Taking a step toward general
applicability, a group of these dyes has been embedded into the
hydrogel sensor spots on the strip, the fluorescence response of
which can be read by a smartphone application using different
illumination sources. Thus, we have demonstrated the
possibility of obtaining precise pH readouts after taking
pictures of the strip with the smartphone, in particular by
using a 3D-printed smartphone adapter incorporating all the
required optical elements that can be driven by the phone itself,
allowing for autonomous use on site. The present system
responds in a reversible manner and can be reused multiple
times while showing favorably low uncertainties. It is obvious
that all integral parts of the system, the pH-responsive dyes, the
smartphone measurement setup, and the concept of internal
referencing with an automated data analysis and interpretation
software tool can be used for many other purposes.68 Current
work in our laboratory is exploiting these features in various
ways.
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