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1. Introduction and aim of work

1.1 Lanthanides

The word lanthanide originates from the Greek word lanthaneien translating into “lying
hidden” [1]. The lanthanides represent the chemical elements from lanthanum to lutetium. The 18th
century was the era of lanthanides. In 1752, a Swedish mineralogist discovered a heavy mineral
from a mine. In 1789, Klaproth discovered the element uranium in pitchblende and uranium was
isolated as a metal in 1841, by Peligot. In 1794, a Finnish mineralogist in Sweden discovered a
heavy mineral then isolated an oxide named “ytterbia” (from the village, Ytterby). Later this oxide
was separated into several fractions “yttria”, “erbia”, and “terbia”, these were found to be complex
mixtures. The isolation of lanthanum, yttrium, and scandium was not completed until 1908-1909
owing to the difficulties in separating them by fractional crystallization: C. James obtained “pure"
Tm(BrOs); by 15000 recrystallizations. These difficulties arose because lanthanides have very
similar chemical properties, with their dominant valence state being plus three (3+), while showing
only small differences in formation and solubility of complexexs. These small differences decrease
in size with increasing atomic number. In 1913 it was conclusively shown that there exist only 14
elements betweenn La and Hf by X-ray spectroscopy. Untill World War II, the only major advance
in separating lanthanide ions was made by Mc Coy, who purified considerable quantities of Eu by
reducing Eu’" to Eu”", followed by precipitation as EuSOy. During the 1930s & 1940s the first
spectroscopic studies on aqueous lanthanide solutions were carried out [2]. It was found that some
organic ligands (such as salicylaldehyde or benzoylacetonate) when excited in the ultraviolet (UV)
region, can photosensitize the luminescence of europium ions, where Eu does not absorb light. Eu is
found only at about 0.1% in the earth's crust. In 1945, the first radioactive promethium Pm was
prepared. In 1962, cells were first stained with Eu and in the 1970s, a Finnish company, Wallac Oy

(currently part of Perkin Elmer), began the studies with lanthanides as luminescent reporters for



time resolved immunoassays [3]. The technology developed by Wallac Oy spurred a rapid increase

in the number of studies and applications in the field.

1.1.1 The lanthanide series
The lanthanide series consist of 15 elements from lanthanum La®* (atomic number 57) to

lutetium Lu®" (atomic number 71) where the 4f-shell is filled from 0 to 14 electrons. These are
called f-block elements because of the gradual filling of the last electrons in f-orbitals of the
antepenultimate shell. Lanthanides can be extended with the elements scandium (Z = 21) and
yttrium (Z = 39), having similar chemical and physical properties. Lanthanides are sometimes
called rare earth elements [4]. Despite their name, rare earths are not less abundant in nature than
tin, silver, gold, or platinum. In 1906, Becquerel, the first time observed the unusually sharp
absorption lines of rare earth compounds, when he measured the spectrum of the mineral xenotime
(YPO4 with traces of Er, Ce and Th). Around 1930, the sharpness of these lines could not be
understood till Bethe [6], Kramers [7], and Becquerel [8] suggested that the lines may be due to
electronic transitions within the 4f configuration, referred to as f-f transitions. In 1937, Van Vleck
[9], showed using a very highly and simple instructive model of f-f transitions and that they become
partially allowed as electronic dipole transitions. When we progress from cerium to lutetium, the 4f
orbilals are gradually filled. These f orbitals have low radial expansion, and they are shielded from
the chemical environment by the filled, energetically lower 5s and 5p sub-shells. Although lower in
energy, these sub-shells are spatially located outside the 4f orbitals, causing the 4f electrons to have
very little interaction with the chemical environment, and leading to the difficult separation of the
lanthanides [10],[2]. Freed et al[11], found that the relative intensities of the absorption lines of
Eu’" were different in different solvents and Weissman [12] discovered that complexes of Eu’"
with certain ultraviolet absorbing ligands were highly luminescent when excited by ultraviolet light.
Since Eu® it self has only a few, very weak absorption bands, solutions of this ion are not very
brightly photoluminescent. Obviously, certain organic ligands can serve to photosensitise the

luminescence of lanthanide ions. It was also found that lanthanide ions quench the fluorescence of

2



organic ligands. At that time, the optical spectra of lanthanide ions and the electronic energy level
structure where only qualitatively understood. In the 1960s, Dieke [13] gave the 4f" energy levels of
all trivalent lanthanides in the IR, visible and the UV spectral region. At the beginning of the 1960s,
systematic studies of luminescent lanthanide complexes and their photophysics took place and these
studies were mainly related to the P-diketonate complexes of Eu and Tb. In 1962, during the
theoretical work of Judd [14], and Ofelt [15], calculation of the intensities of the electric dipole
transitions between energy levels of the lanthanide ions. Todays, the Judd-Ofelt theory is used to
describe and find the electronic spectra of lanthanide ions present in glasses and crystals. All
lanthanides, except lanthanum, are f-block elements (have valence electrons in f orbitals). In
general, electronic configuration of lanthanide atoms is usually represented as [Xe] 4f"5d'6s”, where
[Xe] represents the electronic configuration of the noble gas xenon, and » represents the number of
electrons from 0 to 14 (0 with La to 14 with Lu). Depending on the relative energy levels, there are
two types of electronic configurations for the lanthanide atoms: [Xe] 4{"6s® and [Xe] 4f"'5d'6s”
(n = 1-14). Lanthanum, cerium, gadolinium, and lutetium belong to the latter type, while in terbium
both types of electronic configurations similar can be used any one. Ln’* (with Ln referring to any
lanthanide) is the most common oxidation state of lanthanide ions in aqueous solvents. Most
lanthanide ions are stable. The electronic configuration of all the trivalent lanthanide ions is [Xe]
4f", represented by the two 6s electrons, and the lost 5d electron [16].

A summary of the electronic configurations of lanthanide atoms and trivalent lanthanide ions is
presented in Table 1. Some lanthanides are found as Ln®" ions, because the 4f shell of the divalent
ion is half filled [17]. While the other of lanthanides are found as Ln*" ions, such as Ce*". The

highest oxidation state of lanthanides is the tetravalent state [18].



Table 1 The electronic configurations of rare earth elements [17]. The lanthanides (from La to Lu) have
filled inner orbitals with 46 electrons. Scandium and yttrium have 18 electrons in the inner

orbitals.
Configurations . e .
7 Element of neutral atoms C oulﬁgulan.ous of AIO.IIllC
trivalent ions weight
4f Ss Sp 5d 65

57 La 0 2 6 1 2 [Xel4f” 138.9
58 Ce 1 2 6 1 2 [Xelaf! 140.12
59 Pr 3 2 6 2 [Xe]4f 140.91
60 Nd 4 2 6 2 [XeJ4f 144.24

61 Pm 5 2 6 2 [XeJ4f* (147)
62 Sm 6 2 6 2 [Xeldf 150.36
63 Eu 7 2 6 2 [Xe)af® 151.96
64 Gd 7 2 6 1 2 [Xelat’ 157.25
65 Tb 9 2 6 2 [XdJ4f* 158.93
66 Dy 10 2 6 2 [Xelaf® 162.50
67 Ho 11 2 6 2 [Xe]4f'® 164.93
68 Er 12 2 6 2 [XeJaf' 167.26
69 Tm 13 2 6 2 [Xe]4f* 168.93
70 Yb 14 2 6 2 [Xe]4ft? 173.04
71 Lu 14 2 6 1 2 [Xe]aft 174.97

3d 4s 4p 4d 5s
21 Sc 1 2 [Ar] 44.96
39 Y 10 2 6 1 2 [Kr] 88.91

As a result, several lanthanide ions show sharp line like spectra of free atoms or ions. Each
lanthanide ion shows characteristic absorption and emission spectra and it can emit in the near-UV,
visible, near infrared (NIR) and infrared (IR) regions of the electromagnetic spectrum upon
irradiation with ultraviolet radiation. For instance, Sm" emits orange light, Eu’" red light, Tb>"
green light, and Tm®" blue light. Nd**, Er’*, and Yb*" are well-known for their near-infrared
luminescence, but other lanthanide ions (Pr3+, Sm3+, Dy3+, H03+, and Tm3+) also show transitions in
the near-infrared region. Most of the emitting lanthanide ions are luminescent, characterized by
high color purity and are very attractive for technical applications, while the La’" and Lu’" are not
luminescent in equal degree, and thus not useful in any optical applications. The luminescence
intensity of a lanthanide ion is dependent on the quantum yield (®).

Figure 1, shows the energy level diagram of aqueous lanthanide ions, and explains the energy gaps,

[19]. Judged by the energy gap, Eu’", Tb*", and Gd®" ions have the strongest luminescence. Eu’”
g y g



Energy (10°cm™)

and Tb>" are often used in bioanalytical applications. In addition to that intense emission in the
pp

visible wavelength, these emission have a particularly long lifetime [20].
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Figure 1 A diagram depicting the approximate energy levels for aqueous lanthanide ions [21].

Lanthanides with exceptional photoluminescent properties have been used in a broad range of
applications in fields such as X-ray crystallography, magnetic resonance imaging (MRI), optics,
nuclear magnetic resonance (NMR) spectroscopy, lighting, metallurgy, bio-organic chemistry,

medical diagnostics, and imaging [22].

1.1.2 Photophysics of lanthanide ions

1.1.2.1 Electronic energy levels
The number of electronic levels formed by [Xe] 4f" and electronic level is 3003 in Eu®*

and Tb>" [23]. Depending on the number of electrons in the 4f orbitals, there are many ways to
distribute these electrons. Figure 2, describes the interactions leading to different energy levels such
as in Eu’". The electronic configuration first is divided into termes because of the repulsion between
the electrons within the orbitals. This interaction is termed Coulombic interaction. The terms are
then split into J-levels, because of spin-orbit coupling, which is relatively large (10° cm™) because
of the heavy lanthanide. These represent the free ion levels and are described by the term symbols
S, L, and J with the formula **"'L;, where 2S+1 represents the total spin multiplicity, L is the total

orbital angular momentum, and J the total angular momentum of the f electrons. Because of the 4f
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orbitals are shielded by the filled electrons in the 5s and 5p sub-shells, the transitions are sharp
between these levels. When the lanthanide ion is in a coordinating environment, (such as an
inorganic crystal or an organic ligand), the J-levels are split into sublevels because of the electric
field of the matrix. This splitting is usually small (10> cm™) depending on the spectral resolution of

the spectrometer and in the main emission bands of the lanthanide ion [24].

4f°5d 5L i
1 4 D,
3+ / *°D
Eu Pt
_SD2
‘D —_—D e —
ST —"D, S
2x 10" cm’”
F, J=
4f"’__:" B ;F __3 ) 103 cm"
, S = —— —=10°cm’
configu- ' 0 —_—
ration terms J-levels sublevels
Coulombic spin-orbit crystal field
interactions coupling splitting
Figure 2 Diagram representing the interactions leading to the splitting of the electronic energy levels of a

Eu3+ion. In the digram, energy increases when going up [2].

1.1.2.2  Radiative transitions
The absorption and emission light results from two main types of transitions: the parity-

allowed magnetic dipole (MD) transitions and the parity-forbidden electric dipole (ED) transitions.
Most absorption and emission light of lanthanides in complexes involvs redistribution of electrons
within the 4f sub-shell (intraconfigurational {—f transitions) therefore (ED) transitions. For example
the emission bands of the Eu®" 5Do — 7F1 transition are allowed as MD transitions, while the
emission bands of Tb’" require both, ED and MD mechanisms because the intensity of ED

transitions in lanthanide ions are depending on the ligand field [2]. Hypersensitive transition means
6



the relative intensities emissions are very sensitive to the detailed nature of the ligand environment.
In Eu3+, this is °Dy — 'F; and Dy —'F,. Both MD and the ED transitions of lanthanide ions are
weak compared to the “fully allowed” transitions of organic chromophores which causes long
lifetimes to milliseconds in lanthanide complexes which depend on the lanthanide and matrix [2].
Some transitions require both MD and ED. Further, Eu’* firstly accepts energy through its *D; and
°D, levels above the emittive *Dy level [25]. Tb®" directly accepts energy by the *Dy4 emittive level

and decay to several 'Fy-levels.

1.1.2.3  Non radiative decay
The excited states in the lanthanide ions do not decay by radiative processes only. If the

excited state and the next lower state energy gap are relatively small, luminescence will be in strong
competition with the non-radiative decay of the excited state and depend on the number of matrix
vibrations. In glasses and crystals the electronic excitation energy can be dissipated by vibrations of
the matrix, a process known as multiphonon relaxation [26]. It can occur through coupling of the
lanthanide energy levels with the vibrational modes in the direct surrounding of the lanthanide ion.
The high energy O-H vibrations are very efficient quenchers for lanthanide luminescence.
Therefore water molecules are avoided from the first coordination sphere of the lanthanide
complexes. A similar relaxation process is more pronounced when lanthanide complexes carry
organic ligands. In organic media suitable high-energy vibrations are more common [27]. The
efficacy of matrix vibration mediated nonradiative relaxation is inversely proportionall to the
number of vibrations quanta (phonons) required to bridge the gap between a given energy level and
the next-lower one (radiative emission will efficiently compete with the non-radiative relaxation
processes) [22].

Lanthanide ions usually require indirect excitation, named the “antenna effect”, or “sensitization of
the metal-centred luminescence” because most of the transitions of the Ln®" ions are related to the
redistribution of electrons within the 4f sub-shell (intra configurational f—f transitions). This is a

direct excitation of the lanthanide ions only producing low levels of luminescence (the weak f—f

7



transitions have absorption cross sections in the order of 1 M cm ), [19],[22]-[25]. This means the
ion needs to form a complex with a sensitizing structure, such as an organic ligand containing a
light absorbing chromophore structure.
1.1.2.4 The antenna effect

The lanthanide ions (f-f transitions) have very weak absorption coefficients (&), which
makes direct photo-excitation of the lanthanide ions difficult. However, this can be overcome by
using the large absorption cross section of the organic chromophores and the energy transfer from

organic chromophores to lanthanide ions (see figure 3).

energy transfer <Ln3 +>*

Luminescence

_;g— Ln3*

{
 Antenna

organic ligand

Figure 3 General architecture of luminescent lanthanide complexes.

Thus, in order to design highly luminescent Ln’" complexes, Weissman [12], first noticed the
sensitization process in which the energy transfer takes place from coordinated ligands to the central
metal ion.

Luminescent lanthanide complexes consist of a lanthanide ion encapsulated in one or more ligands.
Figure 3 shows that the organic chromophore ligand contains a light-absorbing group. Such a group
is generally referred to as the antenna chromophore, in analogy to the light harvesting centra in
photosynthetic reaction centers. The photonic energy absorbed by this antenna can be transferred to
the encapsulated lanthanide ion, thus circumventing the photoexcitation bottleneck posed by the

small absorption cross-sections of the lanthanide ions.



The B-diketonate complexes are known to be very efficient sensitizers for the lanthanide ions
[28],[29]. Organic ligands coordinated to lanthanide ions have a twofold beneficial effect, they not
only increase the light absorption cross section by ‘‘antenna effects’” but also protect metal ions

from vibrational coupling [30].

1.1.2.5 Lanthanide ion sensitization
Lanthanide ion sensitization occurs, when the ligand coordinates with the lanthanide.

This process protects the ion from the quenching effects of the aqueous matrix. Lanthanide
luminescence is quenched through nonradiative relaxation processes, especially O—H vibrations
(vibrational quenching). Water should be removed from the inner and the outer coordination sphere
of the lanthanide ion [31]. Because of the large energy gap the terbium is not exposed to the
quenching by O—H vibrations compared with the other lanthanides [17]. Terbium complexes may
possess an energy back-transfer route from the emittive Dy level to an energetically close-lying
ligand triplet state, which causes quenching of the luminescence and enhanced sensitivity to
environmental conditions [32]. An energy difference of approximately 2500-3500 cm ' is required

to prevent this kind of energy back-transfer [24].

1.1.2.6 Ligand and lanthanide ion excitation
The mechanism of energy transfer from organic ligands to the lanthanide ion involves

three steps: First, strong absorption from the ground singlet state (So) to the excited singlet state (S;)
of the ligand. Then excited singlet state (S;) decays non-radiatively to the triplet state (T;) via
intersystem crossing, and finally the non-radiative energy transfer pathway from the T; state of the
ligand to excited states of the Lo’ ion to emit light [1]. In some cases the direct energy transfer
from the S, singlet state to the excited Ln*" levels is also observed.

A simplified scheme of these energy transfer processes, e.g., a Jablonski diagram, can be used to

explain the processes related to lanthanide luminescence. This is illustrated in the figure 4 below.
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complex [33].

Most lanthanide complexes are excited in the near-UV range at wavelengths around 350 nm. The
absorption of light by the lanthanide complex is a very fast process in the range of 107" s. It occurs
from the ground state (low energy) to an excited singlet state (high energy). Internal conversion (IC)
happens on the time scale of 107> s. From the original excited singlet energy state of the ligand,
electrons vibrate or rotate down to excited vibration levels, or to the lowest excited electronic
levels. Then, intersystem crossing (ISC) happens within a time scale of 107" s. The electrons relax
from the excited singlet state (S;) to the excited triplet state (T; lower energy), and from the excited
triplet state (lower energy) through intramolecular energy transfer to the excited energy levels of the
central ion. The singlet state is short lived, and the process is not efficient [20],[34].

There are two main mechanisms for the intramolecular energy transfer from excited triplet state
(lower energy) to the central ion: the Dexter (electron exchange) mechanism and the Forster
(dipole-dipole) mechanism [35]. The Dexter mechanism does require physical contact between the
ligand and the central ion and includes electronic exchange between two components [36], while in

the Forster mechanism does not require physical contact between the two components because the
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triplet state transition dipole moment associates with the dipole moment of the 4f orbitals [5],[37].
In addition, there are other mechanisms, the metal to ligand charge-transfer (MLCT) from
chromophores containing d-transition metal ions [38], and the ligand to metal charge-transfer
(LMCT) when energy is transferred to the excited 4f-states of the lanthanide ion [39]. Lanthanide
ions display f-f transitions and charge transfer transitions also display a third type of electronic

transitions: the f—d transitions, meaning the promotion of a 4f electron into the 5d sub-shell [40].

1.1.3  Coordination chemistry
The study of coordination compounds or complexes has started in the nineteenth century

with scientists such as Werner [41] who resolved the link between metal oxidation state and
coordination number and developed the coordination chemistry.

The physical properties of a metal complex can be affected by the type of ligand. Ligands may be
simple monoatomic structures, such as halides or large macromolecules with many coordination
sites. The denticity is known as the number of sites on a molecule that are capable of coordinating.
Monodentate ligands are compounds with one coordination site, such as pyridine, while polydentate
ligands are compounds with more than one coordination site. The physical properties of lanthanides
are unlike those of the d-block metals. These properties are very similar and uniform across the row.
Lanthanides typically form eight or nine coordinate species, especially in aqueous solution where
water molecules often coordinate to any sites around the ion. The complexes also exhibit rapid
ligand exchange, except in the case of multidentate ligands, with water coordination residency times
of around 107 s. Essentially, this means that the rate of exchange is determined by the diffusion of
water molecules is the inner coordination sphere. This means that monodentate ligands are
extremely unstable and highly kinetically inert lanthanide complexes can only be obtained through

the incorporation of the ion into a macrocycle-based or rigid polydentate ligand.

1.1.4 Luminescence quenching
This non-radiative process occurs if a molecule in an excited state releases energy to a

quencher and subsequently returns to the ground state [42]. Quenching can occur where the excited
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states can be very short lived due to the efficient cascade of energy transfer from one component to
another [43].
Quenching can also take place in an intermolecular manner through second-order rate kinetics. It
causes decrease of the fluorescence intensity of a substance through either energy-transfer, complex
formation, excited state, O-H vibrations, N-H and C-H vibrations [44].

1.1.5 Quantum yields (®)

Quantum yields (®) is the ratio of the number of emitted photons (radiative) in relation to
the number of photons absorbed as autlined equation (1) [24]. The quantum yield is also related to
the the extent of the energy gap between the lowest excited energy level of the ion (called the
emittive energy level) and the highest sublevel of its ground state multiplet

® = number of emitted photons / number of absorbed photons (D)
1.2 Optical wide-range pH sensors

The measurement of pH is still one of the most vital analytical methods in laboratory
routine, research and measurements in the field for e.g. 1) pH is used as a quality parameter in
clinical assessment of blood, body fluids, the freshness of food, drinking water and for treatment of
industrial waste water. 2) pH is used to find the optimum reaction conditions in bioreactors, for
precipitation of heavy metal ions from waste water and in industrial fermentation. Therefore, there
are continuous attempts to find novel techniques for pH detection [45]. Nowadays, pH values are
most often determined by using electrochemical sensors such as the pH glass electrode [46] or pH
test paper strips or and optical pH-sensors.
Earlier reviews on optical pH sensors have been published by Wencel, et al. [80], Wolfbeis et al.
[81], Wolfbeis et al. [82], Lin et al. [83], Bilro et al. [84], Wolfbeis et al. [85], Seitz et al. [86],
Janata et al. [87] and others. Recently, authors try to extend the measurement range of optical pH
sensors. By this they want to overcome one major drawback of optical pH sensors using an
equilibrium between a single protonated and unprotonated couple of indicator species. Due to the

mass action law, this results in sensors which in most cases do not cover more than 3-4 pH units. As
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glass electrodes (as the electrochemical competitors) offer a detection range that is typically larger
than 12 pH units, there is a huge demand for optical wide-range sensors for pH because they offer
some advantages with respect to miniaturization, remote sensing, imaging, sensing in-vivo, in the
field or by non-educated staff that can hardly be reached by ion selective electrodes.

In this chapter the scientific literature on optical wide-range sensors for pH is shown that has
appeared over the last two to three decades. They are ordered with respect to the detection methods
and with respect to the sensor layouts. Initially a concluding overview over pH measurement by pH-
electrodes is given mainly with the glass electrode. In the following sections their major properties
are compared with those of the various optical detection methods. After some concluding remarks,
an outlook is given on which sensing schemes seem to be promising for which field of application if

detection ranges should be further extended.

1.2.1  Theoretical Definition of pH that Uses the Hydrogen Ion Activity
In 1920, Serensen’s definition of pH, i.e. that pH = —loglo[H+], was later revised, as further

research demonstrated that pH is more related to hydrogen ion activity than hydrogen ion
concentration. As a result, the new definition of pH is pH = -log ag: where ay; is the hydrogen ion
activity. This is derived from Lowry’s recognition [47] of the activity of the hydronium ion instead
of the hydrogen ion as the key to pH. The activity is an effective concentration of hydrogen ions,
rather than the true concentration; It considers that other ions surrounding hydrogen ions will
protect them and affect their ability to participate in chemical reactions. These other ions effectively

change the hydrogen ion concentration in any process that involves H'.

1.2.2  The Experimental Definition
IUPAC has endorsed two pH scales based on comparison with a standard buffer of known

pH using electrochemical measurements:
a) the British Standard Institution (BSI) scale has one fixed point, which is the reference buffer.
The pH of a potassium hydrogen phthalate solution with b = 0.05 mol’kg was set to be 4.000 + (T-

15)2:10"*, where T is the temperature. Any other standard solutions are derived by measurment with
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a reference electrode and a hydrogen electrode. The signal includes a residual, non-eliminable
diffusion potential. This scale is predominently used in Great Britain and Japan [48].

b) the National Bureau of Standards (NBS) scale uses several fixed points [49]. The fixed points
are set by so-called primary pH standard solutions. The signal is determined with chains without
electrochemical transport and is therefore free of a noneliminable diffusion potential. This scale is

adopted by most national standards, e.g. Germany’s DIN 19266.

1.2.3  The glass electrode for wide range pH sensing
Nowadays, the pH glass electrode is the most common sensor for a wide-range pH

measurement. In 1889, Nernst [50] worked in thermodynamics and invented the hydrogen electrode
for [H'] for the first time. Cremer [51] studied the electric potential difference between a glass and
an aqueous solution and plotted the electrical response of glass membranes to variable hydrogen ion
concentrations in 1906. Then, Haber and Klemensiewicz [52] used the first glass electrode in 1909
based on bases Cremer s detection principle and determined the electrochemical signals based on
[H']. In 1924 Schiller [53] found the magnitude of counter electric magnetic fields and applied
potential difference to be same. Horovitz and Zimmermann [54] suggested that a certain proton
concentration must be reached before the glass acts as electrode for H'. Few years later, MacInnes
and Dole [55] found that the most suitable glass for a pH electrode had the composition 22 Na,O 6
CaO « 72 Si0; (Corning 015 glass). In 1937 Nicolsky [56] proposed the ion exchange equilibrium
theory and worked on the thermodynamic description of the glass electrode. However, Haugaard
[57] later concluded that thermodynamics alone cannot tell enough about the mechanism of the
building of the glass boundary potential. In the 1960s, Durst [58] summarized the still accepted
common knowledge that the response of the glass membrane occurs as a result of an ion exchange
process which takes place in the gel layer of the glass membrane thereby inducing a phase boundary
potential. This governs the pH response of the electrode but not a diffusion of hydrogen ions
through entire glass membrane. Recent literature mostly supposed that ion exchange was the real

physicochemical process responsible for the potential formation. In (1974) Baucke [59] developed
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new techniques to increase sensitivity and resolution of glass electrodes. In (1980) Dole [60]
proposed steaming as a method of cleaning and offered a modified theory of the glass electrode by
deducing an equation which fits accurately to the response in alkaline solution. Among the various
types of pH measuring electrodes, the pH glass electrode nowadays is one of the most common
types for highly accurate pH measurements or for studying of (de)protonation, coordination
equilibria in aqueous solution (i.e. stoichiometry) [61]. The glass pH electrode is not as cheap as pH
stripes but moderately expensive, and offers some advantages such as excellent electrode
performances with respect to slope, sensitivity, selectivity to protons, limit of detection, reliability,
distinguished response characteristics, long-term stability, fast response time, insensitivity vs redox
systems and width of the dynamic pH range [62]. However, glass pH electrodes have some
disadvantages such as bulky size and high resistance, they are prone to membrane pollution and
instable in solutions containing fluoride and can show alkaline and acid errors. They may be a
source of electromagnetic interferences in an in-vivo measurement (cell) and (due to mechanical
frailty) unsuitable to be integrated into microfabricated electrochemical sensing systems for
biological, industrial, environmental, and security applications [63], [64]. Therefore, several
alternatives have been suggested to the glass membrane electrode such as ion-sensitive field effect
transistors, metal oxide electrodes, and the quinhydrone electrode. The interference of fluoride
could be compensated, recently [65] by employing a 5,17-bis(4-benzylpiperidine-1-yl)methyl-
25,26,27,28-tetrahydroxy-calix[4]arene as a ionophore in a polyvinylchloride (PVC) pH-sensing
membrane. In fig. 5 two calibration curves of the measured potentials were plotted against the pH
value from 1.9-12.9. The calix[4]arene electrode offers some advantages such as being inexpensive
and easy to prepare. It has a wide linear working range and an almost Nerstian slope, a good
selectivity and reproducibility for H' ions, a broad pH working range and a quick response time of
6—7 s. The proposed calix[4]arene electrode has a wider linear working range and exhibits a better

near-Nernstian slope of 58.77 + 1.1mVpH™' which is more suitable than previous literature [66],
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[67]. However, such electrodes might suffer from limited selectivity because they show reversible

anion binding due to the ability of the protonated calix[4]arene by hydrogen bonds [68].
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Figure 5 Calibration graphs of the proposed pH sensing membrane electrode plotted by the data obtained

from pH ion meter and(b) potential graph [65].
Compared with other electrodes [69], the response times are comparable or shorter and the

electrode gives a fast response, and has a long life time at least 12 months.
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Figure 6 Dynamic response of the proposed electrode for step changes in pH (1.9-12.22) [65].

Jovi¢ et al. [70] fabricated, characterized and applied sensitive pH sensors based on a nano-
assembly of iridium oxide (IrO;) nanoparticles and polydiallyldimethylammonium (PDDA)
polymer layers obtained via Layer-by-Layer Inkjet Printing (LbL IJP) methodology. LbL

assemblies were composed of positively charged PDDA and negatively charged IrO, citrate-
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stabilized nanoparticles in various pH (2.9-10.37). This method is suitable for the production of
thin nanofilm pH sensitive bilayers which are inexpensive, flexible, offer a fast response time,
excellent reproducibility and near-Nernstian sensitivity. Fig.7 shows data of the pH-sensing
properties and the reproducibility study. The pH electrode showed a linear response in the examined
pH range. Compared with earlier literature [71] on oxidized Ir electrodes, the pH-sensing properties
of IrO; films are dependent of the structure, composition and oxidation state, which are impacted by
the fabrication method. The response was rapid and stability was reached after 2-3 s. The good
reproducibility of the inkjet printing processes was assed via the potential — pH dependence of five
different 5-bilayer electrodes of the same batch (vs. Ag/AgCl (3 M KCl) reference electrode) using
acid-to-base and base-to-acid measurements. Compared with the earlier electrodes of this type [72]

the LbL IJP electrode shows excellent reproducibility and a top-class reversibility of the response.
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Figure 7 Acid-to-base and base-to-acid pH measurements of the different 5-bilayer IJP electrodes from the

same printed batch. Inset plots represent the average potential -pH dependence for a)acid to base
and b) base to acid direction.(the error bars represent the standard deviation of five different
electrodes; bars are similer than the data symbols employed) [70].

Electrode-based pH sensing still has several drawbacks. Electrodes are prone to membrane
pollution and a source of interference in in-vivo cell measurements and cannot be minimized or
changed to sub-um size. This is a disadvantage when pH detection in very small volumes such as
cells or cell organelles is required. Additionally, a reference electrode is required. Furthermore, pH

electrodes show weak performance in both extremes of the pH scale, especially in the highly
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alkaline region because of the alkaline error. Despite the high selectivity of glass electrodes to
hydrogen ions, particularly Li", Na" and K" can induce errors in pH measurements in concentrated
solutions at pH > 9. At high pH, the hydrogen ion activity (and hence, concentration) is low. Then,
protons in the outer gel layer of the glass membrane may be exchanged by the cations. As a result,
erroneous potentials across the glass membrane and thus erroneous pH will be acquired. This leads
to lower pH value measured than is actually present in the sample. pH electrodes with special glass
membranes for use in high alkaline media are therefore offered [73].

In highly acidic solutions the acid error may occur. At very low pH values (typically < —0,5)
acid molecules are absorbed by the gel layer leading to a decrease in the hydrogen ion (H") activity
in the gel layer. The pH measurement, therefore, shows a higher pH value than actually present in
solution. Due to its occurrence at only very low pH this error is rarely relevant in practical
applications and further reduced in lithium silicate glasses [74].

Additionally the fluoride and the phosphate errors have been described more recently [75].
They may occur, if La,O3-containing membrane glasses are employed in presence of on the said
anions. These errors arise due to the formation of lowly soluble LaF; and LaPO,4 at medium to high
pH values at the membrane surface after about 1 h induction time. Potential deviations until -35 mV
are possible and remain until long-term measurements at pHs below 5 are performed.

The drift of the diffusion potential is a common source of error, if a Ag/AgCl reference
electrode is used in KCI. Dilution of KCI in the porous plug induces a precipitation of AgCl or
Ag(s) (if the sample contains reduction agents) inside the porous plug. Both precipitation reactions
lead to a drift of the diffusion potential and hence, a drift of the pH detected. This can be
compensated by recalibration about every second hour. Finally, different temperatures of calibration
and sample measurements may induce erroneous pH reads, as well as a swelling time of less than
several hours of a dry electrode in water, before calibration is performed. One should be patient
until taking pH in solutions of low ionic strength because the equilibrium at the electrode might

require several minutes to form [76].
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All these interferences or sources of potential errors show that there is an increasing need for
alternative ways to determine pH. One such alternative is the optical pH sensor (optode). pH
optodes are nowadays widely used for pH-measurement and can be based on the change of a wide
variety of properties of (mostly visible) light such as absorbance, fluorescence intensity or lifetime,
energy transfer, reflectance and refractive index.

1.3 Optical sensors for wide range pH sensing

Optical and electrochemical sensors can be regarded as the two groups of sensors with the
highest importance. In the earlier years of optical chemical sensors, optical pH sensors represented a
group of chemical sensors that are complementary to glass electrodes. This is outlined in the
following table where can be seen that many desired properties that are typical for optical sensors
are difficult to be achieved with electrochemical sensors (i.e. a glass electrode) and vice versa.
Moreover, some merits are given that may induce an unwanted problems when using an optical or
electrochemical sensor. The reader may decide on the usefulness of those for his proprietary use

depending on his individual requirements.
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Table 2

Comparison of the properties between optical sensors and electrochemical sensors (i.e. a glass electrode).

Figures of merit of pH Electrode

Figures of merit of Optical Sensors

Disadvantages of pH
Electrodes

Disadvantages of Optical Sensors

good sensitivity/resolution and wide
dynamic range (pH electrodes linear

from pH 1 to 13)

very good sensitivity/resolution over
sometimes smaller dynamic range (yet, pH

1-13 already published)

poor performance at extreme

pHs

ambient light may interfere

small power requirements

no electrical power required

difficulties in remote sensing

photobleaching or leaching limited
long-term stability due to of the

immobilized indicator

activities rather than concentrations are

measured

concentrations rather than activities are

measured

source of electromagnetic

interferences in an in-vivo

measurement (cell)

surface potentials caused by charged
sensor surfaces affect the sensor signal

with varying ionic strength

miniaturization involves several steps

easy miniaturization

additional reference element required

no requirements for additional reference

element

sensitivity to electrical fields

not subject to electrical interferences

insensitive towards magnetic fields and

high pressure

light can transmit more information than

electrical signal

multianalyte sensor arrays easier achieved

non-invasive

easy fabrication as disposable sensors
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The lack of the necessity of a reference electrode and the electrical safety are among the main
reasons for an increasing need for alternative devices for pH measurements such as optical pH
sensors (so called pH opt(r)odes). If highly charged indicators are used, even small changes in the
IS can compromise sensor performance [77]. Therefore, such sensors should be used at constant IS
only. Interferences of certain organic matter (in real samples) may limit the capabilities of both,
electrodes and optical sensors because blocking of the glass membrane of electrode may occur or
additional scatter that can compromise an optical readout. Optodes are considered the most long-
standing and the best techniques for pH measurement and are further used in chemical and
biological environments in solution and the gas phase, for monitoring of biochemical reactions and
for physical applications such as measuring pressure, temperature, electric current and magnetic
field [78]. pH optodes are based on changes of optical properties such as absorbance, fluorescence,
luminescence, chemiluminescence, energy transfer or reflectance by measuring the intensity of light
in various regions of the spectrum (UV, Visible, NIR, IR). Moreover, related properties such as
light scattering, luminescence lifetime, refractive index, diffraction and polarization may vary upon
changes of pH [79], [80]. pH optodes are more beneficial due to their flexibility, small size, low
cost, fast response and light weight. Due to their electrical safety they may enable work in presence
of flammable and explosive compounds and are suitable for continuous use in-vivo (e.g. in the
blood stream) [81]. Moreover these sensors can be used in hazardous media without compromising
their accuracy and have the ability to provide multiplexed or distributed sensing [80], [82], because
of their small dimensions (down to um size). They are suitable for remote sensing (even over
distances of kilometres) and disposable use, which is typical for in-situ applications [83], [84], [85].
Unlike electrical sensors, pH optodes can be used for in-vivo measurements because of their
immunity to electromagnetic interferences. Besides, optodes can monitor a broad range of
parameters including pressure, temperature, and vibration [85]. This lead to the use of optical
sensors in various fields such as chemical, biological, medical and telecommunication industries

and in engineering research. Also pH optodes exhibit disadvantages such as leaching or
21



photobleaching of the optical probe due to limited long-term stability. Sometimes a poor selectivity
and a limited dynamic range [86] is found. The response of pH optodes is a function of the
concentrations of the acidic and basic forms of the indicator [87], which follows the mass action
law (and associated with it, the Henderson-Hasselbalch equation) but not the activity of the
hydrogen ion. Most optical pH-sensors consist of a pH-sensitive dye (i.e. a pH-indicator)
immobilized in a polymer matrix which has to provide suitable mechanical and adhesive properties
to prevent the indicator from leaching. Moreover, the polymer should be polar enough to permit a
rapid access of the protons from the bulk solution into the membrane, so to provide a quick optical

response of the sensor.

1.3.1 Absorbance and reflectance-based pH sensors
Most optical and fiber-optical pH sensors transduce reversible changes of the structure of

the indicator that are induced by pH into changes of spectroscopic phenomena such as absorbance
[88], and reflectance [89]. Absorbance or reflectance methods benefit from the fact that
instrumentation is inexpensive and simple to use. Unlike luminescence intensities, absorbances
measured by photometry do not vary from instrument to instrument because the ratio of transmitted
to incident light is always detected. Furthermore, the change of absorbance and reflectance acquired
by the instrument correlates to the color changes seen visually by the eye. This favors the use of
such kind of sensors also by non-trained lab staff. On the other hand, both methods are not very
sensitive and therefore require the use high concentrations of the pH indicator.

One of the first absorbance-based fiber-optical pH sensors for the physiological pH range was
developed by Peterson et al. [90] in 1980. It was based on microspheres of polyacrylamide
containing phenol red and smaller polystyrene microspheres (for light scattering) and responded in
a pH range of 7.0 - 7.4 with almost 0.01 pH unit resolution. Microspheres have the merit that they
can adsorb indicators on their huge surface or permit chemical bonding of pH indicators on the
surface (and eventually inside the micropsphere) to reduce leaching of the indicator. Further, the

indicator may be embedded inside the polymer of the microsphere. All those methods lead to a
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higher concentration of the indicator in the sensor membrane which is beneficial for enhancing the
resolution in photometry. A sensor using cellulose acetate gave a wider detection range [91]. In
1984, Kirkbright et al. [92] designed a fiber-optical probe based on bromothymol blue to
demonstrate the use of colorimetric indicators in sensors with a working range from pH 7-11.
Edmonds et al. [93] used XAD-2 (styrene-divinylbenzene ion-exchanger copolymer) porous
microspheres to absorb bromothymol blue as the indicator to optically probe pHs from 4-8 with a
response time of 5 min. The suitability of four acid-base indicators immobilized on the same
Amberlite XAD-2 resin for fibre-optic pH sensors was evaluated and an up to 3 pH units reflectance
response was found [94]. Zemin et al. [78] compared the covalent immobilization of combinations
of phenol red phenol blue and bromothymol blue on polyacrylamide microspheres embedded in a
polytetrafluorethylene film. They fabricated a wide-range optical pH sensor that responded from pH
7- 10 within 2 min.

The use of only one indicator inside a sensor membrane usually leads to a restricted
measurement range due to the ratio of protonated and deprontonated form of the indicator being
dependent from the mass action law [95]. An example where thesingle pH indicators congo red
(pKa 3.7) or neutral red (pK, 7.2) [96] were immobilized in a cellulose acetate membrane is a good
example. The linear range of the sensor with congo red is pH 4.2-6.3 and the sensor with neutral
red responds linearly from pH 4.1-9.0. Response time is about 20 s, the reversibility of the sensor is
good and a 60 days long-term stability was found. Very similar optodes were published recently
[97], [98]. A much wider range of pH response was found by bonding of a 1:1 mixture of neutral
red and thionin (with different pK,s) to an epoxy activated agarose film coated glass slide (ACGS).
This yielded a sensor capable to monitor a pH range of 0.5-12, with two different slopes of the
calibration plot. A fast response occurred within 1-2 min and the long term stability was at least 3
months with no leaching. The ionic strength of a sample up to 0.5 molL™" did not significantly alter
the sensor response. The reproducibly from 6 replicated pH measurements was better than 0.20%

R.S.D. [99]. An autonomous and fully automated system for determination of pH within a
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microfluidic chip coupled with an LED and a photodiode was constructed and validated for the pH
range 4-9. The combination of phenol red, chlorophenol red and bromphenol blue gave an indicator
mixture that is stable for > 8 months. The accuracy was good (RSD <2.82%) and the pH found in
blind samples compared to the ones obtained by an accreted laboratory (<5.96 % relative error)
[100]. Hampshire et al. [101] developed optic a fiber sensor to detect the pH in the gastric tract of a
dog in a range of 0.5- 7. The sensor comprises two absorbance indicators with three pK, values
immobilized on polyacrylamide microspheres. Those were deposited on a plastic optical fibre. A
precision better than 0.1 pH unit and an up to 3.5 min response time is found with a two wavelength
measurment. The sensor is long-term stable with 0.2 pH unit drift over a 24 h and an interference of
coloured or other substances or ionic strength in gastric juice samples was not found. Instead of
using two or more pH indicators in one and the same sensor foil, the use of a dye with more than
one deprotonable group on the same chromophore may be considered to construct a sensor. This
principle is attractive for widening the detection range of a pH sensor because those dyes commonly
have several pK,s, and, associated with it, several colors. The pH-dependent equilibria between
those are then used to measure pH over a wider range. A planar pH sensitive film was prepared by
immobilizing purple cabbage pigment (which contains mainly an anthocyanin dye) as pH indicator
in a sol—gel via dip-coating onto glass slides [102]. The sensor showed good reversibility between
pH 2 and 7, a response time of 2 min and a linear range from pH 2 - 11. Another sensor using
anthocyanines extracted from grapes was used in a novel green optical pH sensor [103]. Upon
immobilization of the red grape extract on an optically transparent agarose biopolymer a wide range
pH from 1-10 was covered. The response time was 3 min and the repeatability better than 0.3 %
(RSD) and with no evidence of dye leakage.

The various pK,s of bromopyrogallol red (BPR) indicator was used to construct sol-gel
optodes in a silica matrix that responded reversibly from pH 3-9 within a minute, also in real
samples [104]. This range is similarly wide as published in previous literature [105] for a sensor

made with malachite green oxalate and bromocresol green indicators immobilized in a
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triacetylcellulose membrane. It showed a faster response time about 10 s (compared to the former
sensor) and both have a long lifetime (2 and 10 months). Another optical sensor employing a dye
mixture on an activated triacetylcellulose membrane used the Giemsa indicator mixture to yield a
membrane that is stable over 6 months of storage in water/ethanol. It has a 2 min response time and
features a wide linear range of pH 3—12 [106]. Another research team used mixed the indicators m-
cresol purple / bromocresol green in a sol-gel membrane [107] and obtained an optical pH sensor
with a wide working range towards the acidic range. It responds from pH -1.04 - 8.70 and the
spectra were modelled by an artificial neural network (ANN) with back-propagation training
algorithm. The ANN could then be used to predict pH values from spectra from unknown samples.
An excellent reversibility, no leaching and a rapid response time of less than 2 min were found. In
2013, Lee et al. [108] developed a fiber-optic pH sensor based on a sol-gel film with immobilized
neutral red (NR). The film responds with color changes from red to yellow in the pH range of 5-9,
due to two different absorption peaks, one at 536 nm and one at 461 nm. It can also be read out
ratiometrically at those two wavelengths. Ratiometric evaluation of sensors can be an advantage to
reduce instrumental drifts, misalignment of optical fibers, light scatter by the sample, dye leaching
or inhomogenous dye loading [109]. The sensor shows good reversibility, reproducibility and a 20 s
response time. A novel luminol derivative enabled double-wavelength photometric (A433 and Asyg)
and visible pH detection. A visible colour change from purple to bright yellow occurs over a wide
range from pH 4.0-11.0. It responds in less than a few seconds and was demonstrated be low-toxic
because it works in mouse fibroblast cells with pKa; and pKa, of 5.84 and 10.36, respectively. A
pH dipstick with this indicator successfully detected the pH in some fruit juices.

Sbinohara et al. [110] developed the earliest pH sensor with a polyaniline (PANI) pH-
sensitive thin film to be used at pH from 3-7. Unlike in other sensor concepts, the pH-dependent
inherent absorbance of the polymer itself delivers the measured signal. A change of pH is associated
with color changes from the green to the blue emeraldine base. In 1997 Wolfbeis et al. [111] used

substituted PANI polymers which change colours as a function of pH and permitted optical pH
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sensing with pH 1-12. In Fig. 8 absorbance spectra of PANI are shown which have two maxima at
wavelengths around 600 nm (emeraldine base) and 810 nm (emeraldine salt) at various pH. PANIs
offer many advantages like a simple sensor fabrication and a wide dynamic range because these
polymers are basic polyelectrolytes with multiple pK, values. The reproducibility is high, the
response is rapid (60 s) and the detection in the near-IR region (840 nm) is less prone to spectral
and light scattering interference. The activity of the immobilized enzyme urease could be monitored
with the resulting films to detect urea. However, PANIs can have drawbacks such as interference
from reducing and oxidizing agents, and the need for pre-/reconditioning (in 0.1 M HCI)

before/after each measurement upon changes of pH. Sensors with PANI coated on polysulfone were

also published [112].
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Figure 8 Variation of the absorbance spectra of polyaniline film (PA-1) with pH at 600 and 840 nm [111].

The pH-sensitive polymer (PANI) was also embedded into a microfluidic device as a coating inside
a channel to for dynamic pH imaging and mapping (pH 2-8) [113]. The PANI layer showed an
increasing absorption at 605 nm and a decreasing absorption at 832 nm with higher pH. pH
gradients inside a channel can be detected by means of imaging and even changes of the pH of a
sample travelling along the microfluidic can be detected on-line.

In 2011 Martinez-Olmos et al. [114] used a sensor array of four membranes containing acid—base
indicators to cover almost the full common range of pH (0-12) by a evaluating the H (hue)
coordinate of the HSV colour space. A handheld photometer was designed with OLED
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illumination, photodiode array for red, blue, green (RGB) evaluation of the transmitted light,
microcontroller and a programmed user interface for operation by a PC. Compared with the
disposable optical sensor array that was published by the same group previously [115], [116], the
current one has more simple electronics, less sensor membranes (4 instead of 11) and no scanner to
acquire the colour change. The proposed system was used to determine real water samples (tap and
river water from Granada, Spain). Moreover, a detailed study on three mathematical approaches for
prediction of pH from the hue values of the sensing elements of the array was conducted [117].

In 2006 Egawa et al. [118] used poly-allylamine (PAA) polymer as a polycation to
immobilize the anionic brilliant yellow (BY) azo dye inside layer-by-layer (LBL) pH sensitive
films. BY is an azo dye used as a pH indicator in the neutral region and monitored by UV-VIS
spectroscopy upon change of pH from 10 - 5 and vice versa. BY shows similar spectral properties in
solution and inside the senor film and a slightly changing pK, value (8.16 and 8.37). The absorption
maxima at pH 5 and pH 10 are 408 nm and 490 nm, respectively, with an isosbestic point at 442 nm
(figure 9). The response time varies between seconds an 100 s depending on the basic to acidic

response or vice versa.
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Figure 9 Absorption spectra of (PAA/BY)5PAA multilayer sensor in different pH solutions [118].

Another layer-by-layer sensor was published by Raoufi et al. [119] with anionic BY as a pH

indicator showing a wavelength shift with pH change. Here, PAA serves as a cross-linker between
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the layers and was deposited on the end of a bare silica core of an optical fibre. The wavelength
shift of up to 50 nm permitted determination of pH in a range from 6.2 — 9.4. In 2002 Arregui et al.
[120] used the Liquicoat® metal alkoxide colloidal solution (with about 7 % silica content;
Liquicoat”™ serves for the deposition of anti-reflective coatings on displays) which is an alternative
to sol—gel coatings, for the fabrication of optical sensors with an expanded operation range (pH 1-
6). Liquicoat® solutions were mixed with an universal indicator solution and deposited on
microscope glass slides. The sensors were fabricated by dipping into the sample and mounting a
stack of up to 6 slides after they had been baked at 250°C for 2 min for three times. Fiber-optic
detection revealed well repeatability, excellent stability and a response time of less than 90 s. This
principle was used to construct evanescent field fiber-optical sensors by removing the cladding of a
multimode fiber to substitute it with 20 layers of Liquicoat”™. In fig. 10, the spectral response of the

evanescent optical fiber sensor to various pH from 1- 6 is presented.
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Figure 10 Spectral response of the optical fiber sensor respect to the pH. The spectral reference

(absorption=0) was taken at pH1[120].

This completely different concept of a pH sensor is based on a no-core fiber segment into which

phenol red is immobilized inside a sol—gel [121] (see figure 11).
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pH coating

Figure 11 Schematic of a no-core optical fiber with pH coating [121].

A no-core fiber section inside an optical fiber can enhance the fraction of power of the evanescent
wave at its end. Hence the surrounding environment can contribute to the effective refractive index
of the no-core fiber, if there is an interaction between the evanescent wave of the excited modes
and the surrounding environment. As a result, a different optical output power in the couple-back
mode from the fiber is detected and analyzed with the beam propagation method. The sensor
showed a large dynamic range from pH 1 and 13, the response time is 60 s, but the durability is 2
days, only. Very recently, Singh et al. described [122] the fabrication and characterization of
another highly sensitive no-core fiber (NCF) pH sensor using a smart hydrogel. The NCF section
which is a polyacrylamide hydrogel is placed between the two ends of single-mode fibres. The
swelling of the hydrogel yields minima of the transmission of the hydrogel that shift with pH. The
new sensor offers advantages such as high sensitivity of 1.94 nm/pH for a wide range pH from 3 -
10, a good linear response in both the acid and basic range, high sensitivity over a wide range of pH
3 — 10 and a fast forward response time (=10 s) and back response time (t=15 s). Those are faster
than the ones of similar sensors of the same detection principle published previously [123], [124],
[125] which also show similar detection ranges. A good stability, repeatability and reproducibility
are achieved. In fig.12, a stability test of an NCF pH sensor over 80 min at pHg of 4, 6, 8 and 10

shows only a very small drift which proves an excellent stability.
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Figure 12 Stability curve of no-core pH sensor for both acidic basic [122].

A recent article reported a long-period fiber grating (LPFG) onto which a a thin layer of a smart
hydrogel was deposited. From the shift in the resonance wavelength a pH range from 2— 12 was
accessible with a sensitivity of ~0.66 nm/pH and a response time of less than 2 s [126]. Another
no-core fibre optic pH sensor was prepared by immobilizing a mixture of three pH indicators
(cresol red, bromophenol blue and chlorophenol red) onto the unclad fibre surface using a sol—gel
matrix. A broad response to pH values between 4.5-13.0 was found, with a response time of 5s.
Reversibility and repeatability of the response was limited to few cycles due to cladding failures

[127].

1.3.2 Luminescence-based pH sensors

As discussed in the previous chapter, also most luminescent optical pH sensors are based
the on pH dependent change of the optical properties of certain indicator molecules immobilized
on/in certain solids [128]. Luminescence is especially suitable for optical sensing because of its
high sensitivity, selectivity, and due to the emission being evenly emitted in all directions. Unlike
absorbance or reflectance, there are more measurands available from luminescent sensors. In
principle, luminescence not only offers emission intensity to be detected but, also luminescence
quenching, luminescence lifetime, luminescence polarization, energy transfer efficiency or the shift
of the wavelength of an emission maximum or the intensity ratio of two emission bands may be

acquired. In many schemes, an embedded fluorophore undergoes either a spectral or intensity
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change upon reversible protonation/deprotonation. One of the first fluorescence based optical pH
sensors by Wolfbeis et al. [129] in 1986 showed two setups of optical sensors for continuous
measurement of near-neutral pH values. The sensors are based on glass-immobilized fluorescent pH
indicators and allow the determination of pHs the range from 5-8.12 with 1-hydroxypyrene-3,6,8-
tirsulphonate (HPTS) (see fig. 13) and 4.4-9.6 with 7-hydroxycoumarin-3-carboxylic acid (HCC)

(see fig. 14).
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Figure 13 Excitation spectra of glass-immoblized HPTS at various pH values (phosphate buffers, 23 ‘C,
emission taken at 520 nm.). The shoulder at 455 nm. Is assigned to a Raman band [129].
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Figure 14 Excitation spectra of glass-immoblized HCC at various pH values (phosphate buffer, 23 ‘C, emission
taken at 460 nm. ). The shoulder at around 400 nm. Is assigned to a Raman band [129].

The sensor shows a precision of = 0.01 units and response times (tg9) are about 1 min (see fig. 15).
Adverse effects of ionic strength are eliminated by silanization of the glass surface. Attaching the
sensing layers to the end of a bifurcated optical light guide provides a device for remote sensing of

pH.
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Figure 15 Response of the HPTS-based sensor towards changes in pH. The upper level corresponds to pH
8.15 Excitation at 465 nm. Emission taken at 520 nm. [129].

Another sensor was published where HPTS was just embedded into a sol-gel as an ion-pair with
hexadecyltrimethylammonium bromide (CTAB) [130]. The pH range and response times and
reversibility closely resemble the data from the previous paper, yet a higher dependence of the pK,
of ionic strength was found. Qin et al. [131] show an example of a ratiometric fluorescence pH
sensor. For this purpose, a pH-sensitive porphyrin derivative served as the indicator dye and a pH-
insensitive benzothioxanthene derivative as a reference dye for fluorescence ratiometric
measurement of pH from 1.5-9. Ratiometric fluorescence evaluation of sensors can be an advantage
to compensate for misalignment of optical fibres and inhomogeneous dye loading and to reduce
instrumental drifts, light scatter by the sample or the senor material, dye leaching [109]. To prevent
leakage, both dyes were copolymerized with the sensor cocktail on a silanized glass surface. The
fluorescence intensity ratio varied linearly as a function of pH 1.5 to 5.0 and the senor featured a
rapid response time (60 s) and one month lifetime. An application to real samples was demonstrated
with waste water and water samples containing heavy metal ions. Another paper focuses more on
the general design of a whole instrument for pH ratiometric fluorescent measurements [132]. The
sol—gel matrix houses mercurochrome (a xanthene dye) as pH indicator and is placed at the end of a
fiber. A blue light-emitting diode excites green fluorescence emission and a ratiometric
measurement accesses a pH range of 4-8. The applicability of this device was tested for its

performance in pH analysis in tap and bottled water [133]. A new 10-(4-aminophenyl)-5,15-
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dimesitylcorrole was found to serve as an indicator with three deprotonation steps. Upon
immobilization in a sol-gel the pH sensor was found to respond over a pH range 2.17-10.30 [134].
The response time is two min and the wet stability is one month. Temperature does not show
obvious effects from 0-50°C.

Two ways of for fast and easy covalent immobilisation of naphthalimide indicators on a thin film of
an amine-containing polyethylene glycol are shown to have little effect on the detection range from
pH 5-9 and the pK, of the naphthalimide [135]. Double layer spin-coating of quantum dots (QDs)
with 525 nm and 605 nm emission and a mixture of neutral red and methyl yellow in the other layer
resulted in sensor membranes in which the QD emission is transmitted depending on the pH-
dependent absorption of the indicator couple [136]. The QDs are excited at 400 nm and the dynamic
range of the optode is from pH 4-10. The ratiometric response of luminescence to pH is stable over
6 months. The evaluation of the ratiometric response with chemometric methods can serve to
extend the calibration range of a sensor compared to the ratiometric method. This was demonstrated
by optical pH sensing with aminofluorescein [137] where the pH value influences the spectrum in a
complex way. The fluorescence spectra are reduced to a few data points and hence, no high-
resolution spectral sensors are necessary. Reducing the resolution of the fluorescence spectra from
0.2 to 10 nm increased the error of the calculated pH values from 0.07 to 0.13 pH units, only. Novel
iminocoumarin derivatives were shown to be useful pH indicators after covalent immobilization on
the surface of various types of amino-modified polymer microbeads. The embedding of a mixture
of microbeads of two indicators (having different pK,s) into a hydrogel matrix yielded sensor
membranes with high brightness, excellent photostability and compatibility with light-emitting
diodes and a wide detection range from pH 1-11 [138]. Novel water-soluble, multicolor fluorescent
graphene quantum dots of 11 nm size were reported as a new material that shows both a visible
color change and luminescence response to pH from 1- 14 [139]. The luminescence response to pH
shows either increasing intensity between pH 1-7 or decreasing luminescence between pH 7-14.

The luminescence of the GQDs was also found to be responsive to temperature changes,
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demonstrating the great potential as a dual probe of pH and temperature. However, this temperature
sensitivity requires strict temperature control if pH detection is done in real samples (e.g. biological
fluids). An optical fiber-optic pH sensor coated with CdSe/ZnS quantum dots (QDs) and oxazine
170 perchlorate (O170) in an ethyl cellulose layer provided pH sensing in the pH range 0.9-12.2.
LED excitation at 405 nm yielded a ratiometric response at 575 nm and 655 nm. The sensor has a
linear relationship with pH in the 0.9-12.2 range. This makes the inexpensive pH sensor insensitive
to fluctuations of the intensity of the excitation source Unlike when using a single ratiometric
fluorophore, leaching or photobleaching of the organic dye will potentially not be compensated for
[140]. N-doped carbon quantum dots (NCQDs) with a quantum yield of up to 36.3% respond to pH
by luminescence decrease in a broad range pH from 5-13.5 due to protonation of pyridinic nitrogen
atoms on dots (shown in fig.16). The luminescence intensity peaks at 400 nm and Ag” and Fe’* ions
respond in uM and nM concentration with an increase or decrease in aqueous solution, respectively.
NCQDs display low toxicity to cells and bioimaging experiments reveal NCQDs to be superior to

Carbon quantum dots CQDs with respect to photobleaching [141].
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Figure 16 Fluorescence intensity versus pH values and the resulting linear relationship [141].

The dual lifetime referencing (DLR) scheme is shown to provide a referenced readout of pH via
lifetime measurements, either in the frequency or the time domain. Here, an analyte-insensitive

long-lived Ru-luminophore with us-decay times is added to the sensor cocktail with the analyte-
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sensitive fluorophore (here, the pH indicator having a decay time in the nanosecond range). If both,
absorption and emission spectra of those indicators overlap and all probes are excited with one
single light source and luminescence is detected simultaneously, the combined luminescence
intensity is converted into a phase shift (in frequency-domain DLR) which is then related to analyte
concentration. A linear relation exists between the cotangent of the phase shift and the fluorescence
intensity of the pH indicator. Frequency-domain DLR is one of the best referencing schemes that
exsist because it compensates interference from drifts of the light source and the detector, a
misalignment of optical fibres and of other optical components, light scatter by the sensor material
and partially inner filter effects and inhomogeneous dye loading of the sensor membrane [109].
Aromatic fluorescent Schiff bases were proposed as pH sensing fluorescent probes for the alkaline
pH range 7.0-12.0. They can be excited at around 570 nm and exhibited quantum yields until 37 %
when embedded in PVC membranes. The response times vary between 3—13 min and a slight cross
sensitivity to Hg™ and Fe’", respectively, was seen [142]. Another concept is to use metal-ligand
complexes or lanthanide complexes to obtain luminescent pH probes. Those complexes have the
merit that by attaching various ligands with various functional deprotonable groups (and hence
various pK,s) a wider pH range becomes accessible [143]. Potential candidates for such
luminescent probes are complexes of Ru2+, Re' and Os*" and Eu3+, Tb3+, Dy3+ and Sm>*. The first
three metal ions offer six coordination sites in an octahedral coordination geometry whereas the
lanthanide ions even provide 8-9 coordination sites [144]. Attaching a common bidentate ligand
would then provide 3-4 ligands to be used with different pK,s. The advantage of this concept is that
only one excitation and detection wavelength are required for detection of pH, unlike in schemes
which use dye mixtures which often require several excitation and emission readouts. This
facilitates the pH readout and retains the possibility to include another luminophore for referencing
into a sensor membrane e.g. to use the common DLR scheme [109]. A further advantage is that the
synthetic effort to obtain various ligands is much less (many ligands can be purchased) compared to

the many steps required to prepare several derivatives of the same class of dyes (to retain excitation
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and emission wavelengths). Therefore, this multi-pK-ligands-complex scheme can open a gate for
new wide-range optical pH probes and sensors. One of the few examples uses a Ru?* complex
carrying two different polypyridyl ligands with CO,H and phenolic OH as different deprotonatable
groups. This results in a broad pH sensing range from 3-9 [145]. The concept of using indicators
from the same class of dyes, yet with various substitution patterns was shown for asymmetric
perylene bisimide (PBI) dyes. They carry one amino functional substituent to warrant response to
pH and the emission follows a photoinduced electron transfer (PET) scheme. Another substituent
enhances solubility of the overall very nonpolar chromophore in polar solvents. Upon embedding
PBIs in hydrogels, luminescence quantum yields >75% are detected in the protonated state [61]. If
dyes with different substitution patterns are embedded inside the same membrane, sensors with a
working range of pH 4-8 were obtained. Their similar spectral properties permitted a joint readout
but the response time can be up to 5 min. lonic strength was found to have very little effect on the
sensor membranes. Lobnik et al. [146] co-immobilized non-fluorescent bromothymol blue with a
luminescent europium 4-trifuoromethylcarbostyril complex in a sol-gel membrane which responded
to pH from 5-9. The pK, was 7.29 at an ionic strength 0.1 M and 6.05 at an ionic strength of 1.0 M
(KCl). Borisov et al. [147] presented a new class of functionalized rhodamines the pH-sensitivity of
which arises from an intramolecular photoinduced electron transfer process (PET) originating from
piperazine groups. The chromophore can be coupled covalently to thiols (mercapto groups) via a
pentafluorophenyl group in the 9-position of the xanthene core. Luminescent sensor membranes
were shown based on silica beads (pH 3-8) and Poly-HEMA (pH 4-8) with 2-3 min response times.
The photophysical properties of the indicators closely resemble those of common rhodamines and
the sensors have a high brightness (quantum yield of 0.6), and can be used in very beneficial dual
lifetime referencing sensing schemes. Those have the advantage that they are immune to most of the
common instrumental sources of interference, as outlined earlier [109] Eight tetraaryl aza-
dipyrromethene 4,4-difluoro-4-bora-3a,4a-triaza-s-indacene (aza- BODIPY) dyes that can detect pH

through a PET have been proposed with pK, values between 7.2 and 11.4. The fluorophores show
36



pronounced changes in the emission 700 nm and the sensor foils produced show good brightness,
excellent photostability, and modest quantum yields between 0.02 and 0.18. Their high potential for
a variety of biotechnological, biological and marine applications is shown by dual lifetime
referencing detection of the pH-gradient from the moth into the gastric cavity (i.e. the stomach) of a
coral [148]. As a new material conjugated polymer nanoparticles were synthesized where a
polyfluorene-based polymer was appended with thiophene units carrying pyridyl moieties
incorporated in the backbone of polymer chains. An optically transparent amphiphilic polymer
dispersion displayed a pH-sensitive fluorescence emission from pH 4.8—13. This is accompanied by
a distinct change of the luminescence lifetime in the ps range. The pH sensing capability of the
material is due to the reversible protonation/deprotonation of pyridinic nitrogen atoms.
Fluorescence at around 470 nm decreases with increasing alkalinity [149]. A series of PET pH
indicators based on a naphthalimide core, a spacer and various aniline or phenol electron donors
were combined in various ratios in D4 hydrogel. This yielded a series of novel optical sensors with
a working range up to pH 1—-14. A useful feature is that all indicator dyes inside the sensor
membrane have the same excitation and emission maxima. This enables the use of simple
equipment with only one excitation source and one emission wavelength. A further desired feature
is that the emission intensity of all indicators shows a decrease of emission at higher pH which
facilitates the combination of many dyes in one sensor membrane. The sensors show excellent
stability, reversibility over many cycles and 60 s response times [150]. Similarly, 8 new aza-
BODIPY indicators with pK, values from the acidic to the basic range were used to fabricate
sensors in D4 hydogel that respond from pH 2-9 by combining four of them in the same senor foil.
Their advantages are longwave absorption/emission bands in the red/near-infrared (NIR) spectral
region where autofluorescence from real (biological) samples is low and inexpensive LEDs can be
used for luminescence excitation. High molar absorption coefficients (~ 80 000 L M ¢cm™) and
good quantum yields (~ 20 %) and high photostability are further favourable properties of the new

indicators [151]. A set of even 17 BODIPY derivatives as pH indicators were presented to cover the
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1-13 scale for pH measurement in aqueous solution. By combining 12 of them with 4 four reference
dyes on an array pH can be determined with LED excitation in a home-made inexpensive device
that is attached to a smartphone. An App based on Andriod software converts luminance and hue
into pH values together with two reference values obtained from a calibration. In the hydrogel
mixture on the pH dipstick all dyes show very similar spectroscopic properties such as
excitation/emission wavelengths and quantum yields of >55 %. Unlike common pH indicator paper
the dipsticks can be reused up to 10 times [152] with a precision of + 0.2 pH units. This makes the
whole setup well-suited for use by non-experts and in-field use. The conjugation of a
tetraphenylethene (TPE) and an N-alkylated cyanine yielded a red-emissive zwitter ionic
hemicyanine dye, named TPE-Cy. TPE-Cy shows a aggregation-induced emission (AIE) behaviour
at pH 5-14 which means that by motions of a conformationally twisted and strained molecule
exciton emission is annihilated through nonradiative decay. In the aggregate state (upon change of
pH) these motions are restricted and radiative decay (i.e. strong emission) is detected. The dye has a
large Stokes’ shift (>185 nm) and this prevents concentration quenching. TPE—Cy is able to sense
pH in various ways. Either photometric (pH 9-13) or fluorimetric via different emission colours and
intensities. The red emission at 630 nm is strong to moderate at pH 5-7, weak to no emission is
seen at pH 7-10, and no emission to strong blue emission at 480 nm is detected at pH 10—14 [153].
The colour change induced by pH-switching is reversible and well reproducible. Various 1,4-
diketopyrrolo-[3,4-c]-pyrroles were proposed as fluorescent pH-indicators for a pH range from 5-
12. At high pH (>9), the dyes exhibit changing absorption and fluorescence spectra due to
deprotonation of the nitrogen atoms of the lactam rings. Their pK, value varies up to 1.5 in various
hydrogels and also sensor beads were presented. A planar foil doped with these nanoparticles was
shown to enable a ratiometric red to green readout with an RGB camera from pH 5.4-9.6. The dye
showed moderate photostability [154]. The surface curvature distribution on hollow mesoporous
silica—dye nanoparticles can be a means to widen the working range of optical pH sensors. This was

shown by particle sensors monitoring the intracellular pH via ratiometric fluorescence. For this
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purpose, pH-sensitive fluorescein isothiocyanate and rhodamine B isothiocyanate as reference dye
were embedded into those silica nanoparticles which permitted monitoring of the intracellular pH
between 4.5 and 8.5 by confocal fluorescence microscopy [155]. Upon tuning of shell thickness and
of the pore size distribution or the size of the nanoparticles (by sonication) the pH range could be
extended up to pH 3.2-9.0 [156]. Photochemical cross-linking of a triblock copolymer containing
poly(coumarin methacrylate) yielded polymeric core—shell-corona nanomicelles with a broad pH
measurement range from pH 3.4-8.0. Binding of pH-sensitive fluorophores (Oregon green 488,
2',7'-bis-(2-carboxyethyl)-5-(and-6) carboxyfluorescein) and Alexa 633 as a reference dye provide
the enhanced sensing range due to a variety of microenvironments of the respective fluorophore.
The particles are suitable for ex vivo cellular measurements, however two different excitation
wavelengths are necessary for the ratiometric readout of the pH [157]. Among the new 2D
materials, also metal-organic frameworks (MOF) have been used for sensing of pH. MOFs are
hybrid materials made from organic linkers and metal ions or clusters and can be made luminescent
by embedding luminescent ions or ligands. UiO-66-NH, contains clusters of 6 Zr atoms
(ZngO4(OH),4) and the linker 2-aminoterephtalic acid and is easily synthesized. The introduction of
indole groups at the linker provides increased framework chemical stability under basic conditions,
Therefore, sensing from pH 1 up to pH 12 is possible. By using the fluorescence of the MOF and
the 380 nm emission of polystyrene cuvettes, the pH of several buffers could be determined with
good precision [158]. Another modified MOF for pH sensing was created by encapsulating Eu®"
cations with a dicarboxy-4,4’-bipyridine. With a good chemical resistance to both acid and alkaline
pH, a detection range from 1.06-8 was found using the emission of Eu’* at 615 nm. Fluorescence
imaging of the pH in PCI12 cells with the MOF was tested in vivo. This shows that MOFs can be
promising materials for fluorescent pH sensing in vitro and in vivo [159]. Gold/silver core-shell
nanoparticles with p-aminothiophenol (pATP) decorated multiwalled carbon nanotubes yielded pH-
sensitive particles with a wide dynamic range (pH 3.0-14.0). The pH is derived from the ratio of

surface-enhanced Raman scattering (SERS) signals of p-aminothiophenol (pATP) molecules. The
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particles show biocompatibility and low cytotoxicity, as derived from intracellular pH
measurements with a pH resolution of 1.0 pH unit [160]. The so-called “counterion-induced vesicle
(CIV) formation” is a strategy where an EDTA counterion induces spontaneous formation of stable
vesicles from imidazolium salts in aqueous media. The counterion-induced vesicles (CIVs) feature
spontaneous formation and simple preparation and can further chelate europium (III) ions.
Depending on the protonation state of the carboxylic acid groups of the EDTA the europium
emission in aqueous media is modulated with a linear response from pH 3-11 [161]. This concept
was expanded by covalently embedding three pH-sensitive fluorophores (difluoro-Oregon Green,
Oregon Green 488 and fluorescein) and one pH-insensitive Alexa 568 into a nanoparticle hydrogel
matrix [162]. These quadruple-labelled nanosensors featured pH-sensitivity from 1.4-7.0 which
covers the physiological pH range in all living cells. Other ions at physiological concentrations do
not interfere. The positive surface charge of those nanosensors promotes uptake into HeLa cells.
The pH in lysosomes where the particles were localized was found to be 4.6+0.1 and modulation of
pH could be followed by fluorescence microscopy imaging. These measurements were consistent
with earlier measurements [163] and the identical nanoparticle matrix in both papers points to a low
cytotoxicity of the nanosensors. In 2016 Yao He et al. [164] demonstrated that fluorescent silica
nanoparticles (SiNPs) with pH-sensitive dopamine (DA) and pH-insensitive rhodamine B
isothiocyanate can yield particles with a ratiometric luminescence response from pH 4-10. Their
minimal toxicity enables pH sensing in cells where their bright fluorescence and high photostability
further facilitates fluorescence microscopy measurements. Hence, detection of lysosomal pH
changes governed by nigericin in live HeLa and MCF-7 cells could be followed over 30 min.
Therefore, real-time sensing of pH in living cells seems feasible. A Forster resonance energy
transfer (FRET) system with a europium complex as the donor and carboxynaphthofluorescein as a
pH sensitive acceptor forms a couple that responds to pH from 3-9. This probe either offers
ratiometric luminescence intensity-based readout of pH or a referenced lifetime-based readout of

the pH. The large Stokes’ shift about 250 nm is advantageous for measurements in real samples to
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suppress scattered excitation and background luminescence. It is even more advantageous to use the
long ps decay times of the lanthanide complex because this enables delayed measurements when
the background fluorescence has decayed to 0 after few ns. This was demonstrated by successful pH
measurements in urine samples [165]. In 2016 Zhao et al. [166] synthesized carbon nanoparticles
(N-CNs) that have nitrogen-rich functional groups as fluorescent pH indicator. The sensor has a
broad working range from 3.0- 12.0. The N-CNs exhibited blue photoluminescence with an
absolute quantum yield (QY) of 11.0%. The mechanism responsible for the pH-sensitive properties
involved photoinduced electron transfer (PET) from aniline groups to the N-CNs. The as-prepared
N-CNs exhibited low cytotoxicity and excellent biocompatibility with cell viabilities of more than
87% in pH fluorescence imaging of live T24 cells. In 2017, Szita et al. [167] demonstrated and
developed real-time pH monitoring of the progression of an enzymatic reaction in a microfluidic
side-entry reactor to improve the conversion yield of inhibition-prone enzyme reactions. Two
different types of optical pH sensors were integrated, each with a different dye, at several positions
in the reactor channel which enabled pH monitoring over a broader pH range 3.5 - 8.5. The new
sensor showed high reproducibility and was heat stable to sustain the temperatures typical for
thermal bonding of microfluidic devices. This robustness greatly facilitates their integration into
enclosed microfluidic devices. In 2018, Liu et al. [168] developed and present three near-infrared
ratiometric fluorescent probes for pH. The probes show ratiometric fluorescence responses to pH
changes from 7 to 3 in buffers and in live cells. The last probe displays well-defined dual emissions
and excitations and achieves remarkable ratiometric changes of the signal-to-background
fluorescence ratio up to 238-fold.
1.4 pH sensors in real samples

Some of the reviewed pH sensors have been used in real environments. Martinez-Olmos et
al. [113] used different real water samples (14) (tap and river water) and compared the accuracy of
their pH sensing array with the accuracy of a glass electrode. The correlation coefficient showed a

high positive correlation between the real and predicted data. Lu et al. [169] measured
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photosynthetic activities of cyanobacterial cell cultures (Synechocystis sp. PCC 6803) during the
exponential and stationary grouth phases by monitoring pH and O, measurements in a cell
suspension by using multianalyte sensor films [170]. The photosynthetic activity in the exponential
phase (and the of the pH) was higher than that in the stationary phase. Wolfbeis et al. [171] used
luminescent pH nanosensors in a conventional layer of agarose gel for fluorescence imaging. The
growth of Escherichia coli (E. coli) on a pH-sensitive agarose film in a Petri dish was determined.
The green luminescence (under 405 nm illumination) emitted by the pH probe is very sensitive to
pH value while the red luminescence of 5,10,15,20- tetrakis(pentafluorophenyl)porphyrin (TFPP) is
not sensitive to both pH and oxygen at different concentrations. TFPP was chosen because
fluorinated porphyrins are resistant to oxidation by reactive species [172]. On encapsulation of the
TFPP in the hydrophobic core of the particles, they are well protected from interferences by
potential quenchers [173]. Thus, the color tint of the red and green emission undergoes a distinct
change from red to green when pH values are increased stepwise from 5.5 to 9.0.

pH value 55 6 65 7 75 8 85 8
RGB image ; Ak

red channel

green channel

blue channel
wor 9OQ® BDO®
pseudocolor B
e i 1
1.2 5
»
FRLE
B 06 |
& 04
0.2+ .
55 6 65 7 75 8 85 9
pH—
Figure 17 Optical response of the pH-sensitive agarose Petri dish [171].

Rerolle al. [174] designed simple and low cost spectrophotometric an absorption-based microfluidic

device for the autonomous measurement of seawater pH. The device consumes less than 30 mL of
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indicator over one month. The device is not a sensor in the strictest sense, and installed on a
research vessel and measured the shelf water pH in the North Sea, the northern Atlantic ocean
acidification, and the Bay of Biscay.
1.5 Response time & lifetime

The response time represents an important feature for the performance of a specific sensor.
The sensor response time is defined as the time required for the sensor output to reach 95% or 99%
respectively, of the change from its starting value to the final settled value [175]. It is important an
factor in analytical applications and it depends of the structure and type of materials, thickness of
the sensing layer, the amount of indicator, temperature and fabrication scheme of the sensor
membrane [176]. The buffer capacities of the sensing layers should be small relative to the buffer
capacity and the amount of the sample reacting with the sensor. The sensors showed response times
ranging from a few seconds to several minutes. Klimant [61] showed memberanes with reversible
and fairly fast (tgp is 5 min on going from pH 6 to 4.3 and <30 s in the reverse direction) response
times. Longer response times (>1 h) for thin (2 pm) sensing layers are disadvantgeouss for online

monitoring but a long lifetime of the membrane of 1 month (see fig.18) was found.
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Figure 18 Response curves of 2b in D4 (dye content 1%, layer thickness 5 pm) to dynamic changes of pH [61].

Noroozifar [105] showed a faster response time of an optode about 10 s in the pH transition
interval between 1.34 and 5.01 at 624 nm (see fig.19). This sensor has an even longer lifetime (10

months) which is similar to a pH electrode. Another optical sensor employing a dye mixture on an
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activated triacetylcellulose membrane used the Giemsa indicator mixture, to yield a membrane that

is stable over 6 months of storage in water/ethanol. It has a 2 min response time and features a wide

linear range of pH 3—12 [106].
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Figure 19 Response reproducibility of the membrane at 624.0 nm for the alternative change in pH from 5.90

.to 3 different pH values of 4.04, 2.01, and 0.68, respectively.(Conditions for preperatipon of
membrane, solution contains 0.0375m/v MGO, absorbance at 625 nm, respectively, preparation
time, 2 min. and preparation temperature , 60 [106]

1.6 Precision of pH measurements
A light precision of pH measurements in the pH range 7.995 - 8.210. The system featured a

short term precision of 0.001 pH unit (n = 20) and an accuracy within the range of a certified Tris

buffer (0.004 pH units). Over five weeks of deployment of the instrument at the sea (see table 2)

[174].
Table 3 Precision and accuracy of certified Tris buffer measurements [174].

Average discrepancy Precision (pH unit) of Date of analysis
between certified pH replicate Tris buffer
and measured value for analyses (n=20)
Tris buffer (n=20)
0.0007 0.0007 11/06/2011
0.0021 0.0009 23/06/2011
0.0025 0.0011 07/07/2011

1.7 Repeatability& reproducibility of pH measurements
By intensity measurements, the response stability of the pH sensors over time is depending on

the stability of the light source and the photo degradation of the dye. Most review literature reported
show excellent reproducibility measurements. pH electrodes are highly reproducible with

sensitivities of —77.6£2 mV/pH and potential drifts of 2—3 mV/month (static solution) [72]. This is
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a similar level as the [134] the optode in fluorescence intensity values at 656 nm during alternately
pumping buffer solutions of pH 2.17, 4.96 and 8.08 with the standard deviations were found to be

114.7£0.9 (n =5, pH = 2.17), 132.8 + 0.8 (n = 5, pH = 4.96) and 149.3 £0.6 (n = 5, pH = 8.08),

(show in fig.20).
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Figure 20 Fluorescence responses vs. time by alternately pumping different pH buffer solutions (a) 11.02;

(b)8.08, (c) 4.96, (d) 2.17. The fluorescence intensities are in arbitrary units given by the time
scanning , Mode of the Hitachi F 4500 instrument [134].

1.8 Effect of ionic strength

Ionic strength causes pH errors which depend on the type of indicator and matrix which is
used. When the salt composition of the sample solution differs significantly from the calibration
solutions or when it changes during measurements the resulting errors can be particularly
significant. Due to the effects of salt composition of the sample, pH optodes performs best under
well-defined sample conditions [87]. Wolfbeis and Offenbacher [177] described surface chemistries
of pH sensors with different sensitivities towards changes in ionic strength by immobilizing 7-
hydroxycoumarin-3-carboxylic acid covalently onto porous glass supports with different surface
chemistries. In the first sensor, the indicator is embedded in an uncharged micro-environment. This
sensor is highly sensitive towards changes in ionic strength. In the second sensor, the indicator is
embedded in a highly charged environment. This sensor is less sensitive towards changes in ionic
strength in the range of 100- 200 mM and practically independent of ionic-strength variations of the

sample.

45



While Wolfbeis and Mohr [95] showed sensor with almost no effect of IS. Fig. 21 shows the pH
titration of a sensor membrane with various concentrations of sodium sulfate added to the buffer
(consists of 0.04 M sodium acetate, 0.04 M boric acid, 0.04 M sodium dihydrogen phosphate). The
pK reduced from 7.64 to 7.45 on going from 0 to 1.0 M sodium sulfate. The effect of IS on the pK,
is more expressed at low IS. Here, the shift is 0.09 units on changing from 0 to 0.1 M sodium

sulfate, and 0.1 units on going from 0.1 to 1.0 M sodium sulfate (see Fig. 21).
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Figure 21 pH titration plot of membrane M-3 in the presence of 0, 0.1 and 1.0 M sodium sulphate (absorption
measured at 560 nm. ), showing the effect of ionic strength [95].

Ertekin et al. [142] show the effect of ionic strength on the PVC doped Schiff bases in
135mM NaCl containing 0.005 M phosphate buffer which covers the physiologically important
salinity level. The pK, values of the indicators were found to be 10.25+0.07 and 9.17+0.04,
respectively. In clinically important salinity levels, the pK, of one dye exhibited an increase of 0.37
pK. units with respect to its original value. In contrast, the pK, of the other dye decreased from

10.30 to 10.25.

1.9 Aim of work

The ultimate goal of this work was to design new low-cost optical luminescent pH sensor
membranes and a sensor microtiterplate containing lanthanide complexes for continuous
quantitation of pH over a wide range. These sensors should overcome the typical drawbacks of
classical optical indicator dyes with a dynamic range of up to 3 pH units only (due to the mass

action law) and of electrochemical sensors which cannot be miniaturized to um-size or enable
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imaging over larger areas (e.g. in cell culture). We therefore introduced a new design concept for

wide-range pH indicators and sensors that employs lanthanide complexes with ligands that have

various pK,s. Hence, a wider pH range becomes accessible.
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2. A luminescent europium complex for wide-range pH sensors and
sensor microtiterplates

2.1 Introduction
pH is an important chemical parameter to be controlled in various fields like in medical,

environmental and life sciences, for monitoring the availability of inorganic compounds for aquatic
organisms and in industrial applications [1],[2]. Moreover, pH governs processes in the
biotechnological or chemical industry, [3],[4] or physiological processes inside (intracellular pH)
and outside (extracellular pH) tumours [5],[6]. pH further has an impact on global ecology and
physiological biochemistry [7],[8]. Many chemical and biological processes occurring in seawater,
freshwater, and marine systems are associated with strong changes of pH [9],[10]. There is a further
need to control pH in biotechnological processes (such as production of bacteria), lactic acid
growth, and fermentation of yogurt [11],[12]. Acidic pH is often important to be monitored in
organelles such as lysosomes and endosomes, [13] in soils [14] or even in the human stomach [15],
[16]. A well-balanced intracellular pH is important for cell vitality, function, and metabolism [17]
because diseases like cancer [18] and Alzheimer’s [19] have been shown to be associated with
abnormal cellular pH.

Mostly, pH is determined by electrochemical or optical sensors and pH test paper strips. Although
pH test strips are inexpensive, can cover a wide range and can be used by nonscientific staff, they
frequently do not offer high resolution.

The pH glass electrode is the most frequently used sensor for pH measurement. Despite its
capability for wide-range measurement, its use is limited at the extremes of the pH scale (especially
at highly alkaline pH). As glass electrodes are bulky, they often do not offer high local (um)
resolution and may represent a source of electric shock during an in vivo measurement [20]. In
addition, glass electrodes suffer from interference by ionic strength, certain organic matter and

electromagnetic radiation. Optical sensors, however, can avoid many of these shortcomings because
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such sensors can be easily produced in various shapes and may read changes of absorption,
fluorescence, or reflectivity upon variation of pH. Ideally, the optical properties of an indicator are
transformed continuously and reversibly with the change of proton concentration [21]. Optical
sensors offer some advantages, like being insensitive to electrical interference and being electrically
safe (in a living environment), and they can be fabricated easily and inexpensively, provide good
selectivity and high sensitivity and can be disposable. Optical pH sensors can offer a better
resolution compared to glass electrodes and once the indicators are immobilized in a thin layer of a
suitable polymer, they can be used in various environments like in continuous flow-through sensing
but also in microtiterplates for high-throughput [22],[23]. While also being capable of
miniaturization for high local resolution, pH sensors are suitable for imaging experiments [24].
Leaching of a pH indicator off the sensor membrane into the analyte solution should be avoided,
because most indicators are hydrophilic and charged, and the matrix used is always permeable to
ions. Improved sensors therefore contain indicators that are embedded into sol-gels [25] or coupled
covalently to the polymer matrix [26].

Also fluorescent pH sensors have several shortcomings. Their signal can be dependent on the
ionic strength (IS) of the sample solution. Unlike the glass electrode, optical sensors relying on the
transition between two species of one indicator allow a very precise measurement of pH. However,
this is achieved in a narrow range within 3—4 pH units only, [27] which often is not acceptable for
certain applications. In order to determine the pH in a broader range [28] either a mixture of
absorption-based pH indicators or a single indicator with multiple dissociation steps was used [29].
A fluorescent pH indicator was reported using new simple polyamines for a wide pH coverage, [30]
or longwave (LED-) excitable iminocoumarin derivatives which were used in optical pH sensors for
wide-range measurement providing high brightness and excellent photostability [16]. Optical pH
sensors require changes in the protonation state of the indicator induced by pH to be transduced into
changes such as absorption, [31] reflectance, [21] and luminescence [25]. Among these techniques,

a luminescent pH sensor [32], [33] is the preferred setup due to its high sensitivity and applicability
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to real samples without frequent recalibration. If embedded into a sensor membrane, a luminescent
pH indicator should provide large Stokes shifts, a high quantum yield and excellent photostability.
The literature shows that luminescent lanthanide (Ln) complexes can fulfil these requirements quite
nicely [34] and exhibit sharp emission peaks compared to organic dyes, and a long excited-state
lifetime ranging from ps to ms (Eu®", Tb>"). These properties made lanthanide complexes important
in various areas such as luminescent labels, probes, and phosphors, and for applications in
environmental, biological, and clinical analyses [35]. Up to now, only one recent paper has shown
the potential of lanthanide complexes for wide range sensing of pH [36] but only one single ligand
was employed. However, the possibility of binding different ligands with various pK,s to a
lanthanide ion to cover a wider pH range has not been published so far.

Therefore, we developed a new strategy and complexed a mixture of ligands (some of which
have multiple pK,s that cover a wide range) to europium ions so to form a europium complex that
acts as a wide range pH indicator. Hence, we employed pyridine-2,6-dicarboxylic acid (PDA) as a
bidentate ligand that can strongly coordinate to Eu’" and retain a deprotonable group after
complexation with a pK, of about 3. Gallic acid (Gall) acts as a ligand that also coordinates via its
carboxylic acid group and then has two OH groups with pK,, = 4.5 and pK,, = 10. The weak
absorbance and emission intensity of the bare europium ion is overcome through coordinating 2-
thenoyl trifluoroacetone (TTA) which works as an efficient sensitizer. Complexes of these ligands
with Eu’" were formed in a 1 : 3 : 1 : 1 stoichiometry. This indicator shows a wide-range
luminescence response from pH 2—10. The Eu— TTA-PDA—Gall complex was then embedded into
a suitable polymeric membrane made of cellulose acetate (CA) coated on a Mylar support. The
membrane enabled reversible pH sensing over time from pH 2—7 which is much wider than with
conventional luminescent pH indicators. Sensor microtiterplates having a layer of Eu-TTA-PDA-
Gall indicator in CA on the bottom of each well were developed to demonstrate high-throughput

sensing capabilities over a wide pH range.
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2.2 Results and discussion

2.2.1 Tested Eu/Tb - complexes with diferrent ligands as a potential wide-

range pH indicator.
In the beginning, we screened Eu/Tb- complexes as potential wide-range pH-indicators

with various ligands and various molar ratios. We recorded spectra for absorption, excitation and
luminescence in every molar ratio at various pH. Eu/Tb- complexes were used because they
commonly show higher quantum yields which would make them more suitable for sensing. We
show the overview of the results in the table 3 below and the comments indicate, why the

complexes were chosen for further evaluation or not.

Table 4 Spectroscopy properites of tested Eu/Tb- complexes.
Complex Ligand M3 Lig Abs. Eye. Emi. Comment
ratio Spectrum Spectrum Spectrum
Eu®>*/Tb™- Acid Blue | Acid Blue 45 1:1 »1:7 N X X no luminescence
45
Eu®/ Tb>- Curcumin Curcumin 1:1 »1:7 N X X no luminescence
Eu®"/ Tb*"- Carminic | Carminic acid 1:1 »1:7 i X X no luminescence
acid
Eu’"/ Tb>"- Purpurin Purpurin 1:1 17 N X X no luminescence
Eu®*/Tb>- Alizarin | Alizarinred S 1:1 517 N X x no luminescence
red S
Eu®*/ Tb>*- Alizarin Alizarin 1:1 517 N X x no luminescence
Yellow REEEET Yellow R
Eu® / Tb>- Alizarin Alizarin 1:1 51:7 N X X no luminescence
Complexone Complexone
dihydrate dihydrate
EV /T Chromotro- 1:3and 1:4 N X X no luminescence
chromotropic acid pic acid
Eu3+/ Th>*- Chromotropic 1:1:3 v X X no luminescence
Chromotropic acid- acid and
Nicotinic acid Nicotinic acid
E /T - Chromotropic 1:1:3 N X X no luminescence
Chromotropic acid- acid and
Salciylic acid Salciylic acid
Eu’" - Gallic acid Gallic acid 1:1 >1:4 N X X no luminescence
Eu® / Tb>- Dithranol Dithranol 1:3and 1:4 v X X no luminescence
Eu**- TTA -Gall TTA and Gall 1:3:1 v v N emission drop at
high pH
Eu** - TTA -Gall - TTA —Gall - 1:3:1:1 v v N Strong emission
PDA PDA over 5 pH-units
Tb*>* - Gallic acid Gallic acid 1:1-1:4 v X N Very low
emission band
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Tb>*- TTA -Gall TTA and Gall 1:3:1 v X X no luminescence
Tb>*- PDA PDA 1:1-1:4 N v v emission drop at
high pH
Tb>*-TTA-PDA-Gall TTA & PDA & 1:3:1:1 X N N emission drop at
Gall high pH
Th*>*-PDA-TTA PDA &TTA 1:1:1& x N N emission drop at
1:2:1 high pH
Tb3+-XyIa Xyla 1:1-1:4 emission drop at
X v S high pH
Tb*>*-PDA-Xyla PDA & Xyla 1:4:0,25 x N N emission drop at
high pH
Tb*-PDA-TTA-Xyla | PDA&TTA& | 1:2:2:0,25 x \ N emission drop at
Xyla high pH
T PDA-Gall-Xyla PDA & Gall & 1:2:2:0,25 emission drop at
Xyla x V J high pH
Tb>*- Diff-Tiron Diff & Tiron 1:2:2 & emission drop at
1:2:3 & N v Y high pH
1:.2:4
Tb*'- PDA-Tiron PDA & Tiron 1:2:2 & emission drop at
1:32 & x S \ high pH
1:2:3
Tb™"- Diff- PDA PDA & Diff 1:2:2 & emission drop at
1:2:3& v \ \ high pH
1:2:4& 1:
3:1&1:3:2
Tb>'- PDA-ASA PDA & ASA 1:3:11& emission drop at
1:1:3 &1:1:4 N V \ high pH
Tb*'- PDA-Isatin PDA & Isatin 1:1:3 & emission drop at
1:2:2 & N \ \ high pH
1:3:1
& 1:3:2
Tb*- PDA-Gall PDA & Gall 1:3:1 & emission drop at
1:322 x V v high pH
Tb>'- PDA-Kynurenic PDA & Kynur 1:3:11& emission drop at
acid 1:3:2 \ S Y high pH
Tb>*- PDA- PDA & Xanth 1:3:1& emission drop at
Xanthurenic acid 1:3:2 \ S v high pH

First of all, we tested Eu’" with various ligands such as Acid Blue 45. From fig. 22 we can see that a
new absorption band at 625 nm appeared for the complex. With variation of the molar ratios at
pH=9 the absorbance increased from 0. 06 to 0. 13 with increasing molar ratio while for the ligand

Acid Blue 45 alone only an absorbance band appeared at 590 nm and no band at 625 nm. No

o .. 3+ . ..
excitation and emission bands were found for of Eu : Acid Blue 45 complexes. Similar results

were obtained for the ligands Curamine, and Carminic acid.
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Figure 22 Absorption spectra of Eu’": Acid Blue 45, in various molar ratio, n=100 nmol, at pH=9, MOPS buffer
(10 mmol L-1).

Then we tested Eu’" with Alizarin dihydrate (Ali). From fig. 23 we can see that a new absorption
band at 535 nm appeared for the complex. With variation of pH at pH= 4-10 this absorbance. With
variation of pH at pH= 4-10 this absorbance increases from 0, 07 - to 0, 30. For the ligand Ali alone
this absorbance band appears at 425 nm and no band at 535 exists. Again, no excitation and

emission band is found for of Eu*": Ali complexes.

—pH=33Ac
——pH=4Ac
——pH=5Ac
——pH=6Ac

pH =6 MOPS
——pH=7MOPS
—— pH =8 MOPS
——pH=9MOPS
—— pH =10 MOPS
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Wavelength
[nm]
Figure 23 Absorption spectra of Eu’": Alj, in molar ratio 1:3, n=100 nmol, Ac or MOPS buffer (10 mmol L -1),

varation of color upon varation of pH.
We also tested with Tb- complexes as potential wide-range pH-indicators with various ligands
and molar ratios, and recorded spectra for absorption, excitation and luminescence. Due to the huge

amount of data (up to 10 spectra, each, for absorption, excitation and luminescence at every molar
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ratio at various pH) we show the major part of the results in the table above.
We first used Tb>* with Ali. In fig. 24 we can see that a new absorption band at 524 nm emerged for

the complex with variation of pH, at pH= 4-10. For the ligand Ali, howerver the absorbance band
3

appears at 425 nm and not at 522 nm. No excitation and emission bands appeared for of Tb " Ali

complexes. Similar results were obtained when we tested Eu’” / Tb’'with other ligands like

Purpurin, Alizarin Red S (ARS) and Alizarin Yellow R.

1,0 i\ ——pH=33Ac
| ——pH=4Ac
——pH=5Ac
—pH=6Ac
0,8 il pH = 6 MOPS
——pH=7MOPS
—— pH=8MOPS
—— pH=9MOPS
0,6 fl —— pH =10 MOPS]|
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T T T T T == =
200 300 400 500 600 700

Wavelength
[nm]
Figure 24 Absorption spectra of Tb™": Ali, in molar ratio 1:3, n=100 nmol, Ac or MOPS buffer (10 mmol L -1),

varation of color upon varation of pH.
We also tested the Tb:PDA:Gall complex. The excitation and emission spectra of the Tb:PDA:Gall
complex in molar ratio 1:3:2 are pH-dependent in aqueous solution from pH 2-8 and this increase is
suitable because it spans over 6 pH units. Fig. 25, shows the absorption spectra of Tb:PDA:Gall in a

molar ratio of 1:3:2. No appear change of absorbance with variation of pH is visible.

—— at pH =2 (Ac-MOPS.CAPS)
—— atpH =3 (Ac-MOPS-CAPS)
—— atpH =4 (Ac-MOPS-CAPS)
—— at pH =5 (Ac-MOPS.CAPS)
at pH =6 (Ac-MOPS.CAPS)
1.2 —— at pH =7 (Ac-MOPS-CAPS)
—— atpH =8 (Ac-MOPS-CAPS)
—— atpH =9 (Ac-MOPS-CAPS)
1,0 —— at pH =10 (Ac-MOPS-CAPS)

Absorbance

T T 1
200 300 400 500 600 700

Wavelength
nm]
Figure 25 Absorption spectra of Tb3*: PDA:Gall in molar ratio 1:3:2, c=10 p mol L -1 related to c(Tb3+), Ac-

MOPS-CAPS buffer(10 mmol L-1).
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Fig. 26 shows the excitation spectra of Tb:PDA:Gall in molar ratio 1:3:2 which is located
at 280 nm if emission is recorded at 544 nm. The excitation is pH dependent over a wide range

from pH 2-8, but drops at pH>8.
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Figure 26 Excitation spectra of Th:PDA:Gall in molar ratio 1:3:2, c=10 p mol L -1 related to c(Tb3+), Ac-MOPS-

CAPS buffer (10 mmol L -1), Aem= 544 nm.

Fig. 27 shows the emission spectra of Tb:PDA:Gall in molar ratio 1:3:2. The typical bands
of a Tb>" emission at 493 nm, 544 nm, and at 583 nm, respectively are seen. An increase of the
fluorescence intensity at 545 nm (A=280 nm) with variation of pH is clearly visible. The
emission is pH-dependent over a wide range from pH 2-8 in an aqueous wide-range buffer (Ac-
MOPS-CAPS buffer). This increase is a suitable because it spans over 6 pH units, but the results
show that the emission drops at pH>8. For this the reason we could not chose this complex for

sensor fabrication.
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Figure 27 Emission Spectra of Tb:PDA:Gall in molar ratio 1:3:2, c=10 p mol L -1 related to c(Tb3+), Ac-MOPS-

CAPS buffer (10 mmol L -1), Aexc= 280 nm.
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2.2.2  Choice of ligands and conceptual remarks
Ln complexes can exhibit favourable luminescence properties like sharp emission peaks,

a large Stokes shift, insensitivity to oxygen, and a long excited state lifetime ranging from us to
ms (Eu’", Tb’"). In the complex, the excitation light absorbed by the ligands is transferred to the
ligand triplet state by intersystem crossing, and then intramolecularly transferred to the Eu’" ion.
However, the absorbance and emission intensities of the lanthanide ions in aqueous solution are
weak due to low quantum yields and low absorption coefficients or low yields of the optical
transitions following absorption. Hence, the ligands to be employed for this work had to fulfil
three requirements. (1) They should efficiently sensitize lanthanide luminescence [37] and (2)
contain bidentate moieties to strongly coordinate to the lanthanide ion and (3) contain
deprotonable groups when coordinated. Pyridine-2,6-dicarboxylic acid (PDA) is a water-soluble
ligand that can strongly coordinate to Eu’" ions via one carboxylic acid group with a pKa; = 2.16.
The other one is used as a deprotonable group with a pK,, = 2.8 [38], [39], [40] in the latter
complex. Gallic acid (Gall) is a trihydroxybenzoic acid and a water-soluble ligand that can
strongly coordinate to Eu®" ions via the carboxylic acid group. The hydroxyl groups that remain
after complexation have pK,; =4.5 and pK,, = 10, [41], [42] respectively. Additionally, 2-thenoyl
trifluoroacetone was employed because it is a well-known antenna ligand [43] for enhancing the
lanthanide luminescence. TTA has a pK, = 6.38 and its antenna effect can be modulated
depending on the protonation in the complexed state. [44], [45] Once a Eu’~TTA-PDA-Gall
complex is formed, the degree of protonation of one carboxylic group, one B-diketonate group and
two phenolic OH groups impacts the luminescence behaviour of the complex with pH. As the
pKas cover a range between 3 and 10 we hypothesized that such a complex could be a valuable
model to be used as a wide-range pH indicator and as a probe in various optical pH sensor
regimes.

Hence, we choose a Eu—-TTA-PDA—Gall stoichiometry of 1 : 3 : 1 : 1. We are well aware of the fact

that at this stoichiometry these ligands can occupy more coordination sites than Eu’" has (usually 8—
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9), but our experiments showed a better response to pH, less leaching off sensor membranes and a
brighter emission if we choose a Eu-TTA-PDA—Gall stoichiometry of 1 : 3:1: 1 instead of 1 : 2 :
1 : 1. As we cannot confirm that the response to pH is due to the presence of only one complex
species but receive the best response to pH (especially in the latter sensor membrane) by Eu—TTA—
PDA-Gall in a stoichiometry of 1 : 3 : 1 : 1, we refer to Eu-TTA-PDA—Gall in a feed ratio of 1 : 3 :
1 : 1 as the indicator in the ongoing text. Complexation constants of the ligands for Eu—PDA
complexes in a 1 : 1 molar ratio, [46] for Eu— Gall (1 : 1 molar ratio), [47] and of TTA [48] (1 : 3) in
aqueous solutions from literature data are similar. An Ac-MOPS-CAPS buffer (10 mmol L") was
chosen because its buffer range nicely matches with our desired pH range. Importantly, a Britton—
Robinson buffer could not be chosen because its high content of phosphate can lead to precipitation
of insoluble EuPOy,.

In preliminary experiments we wanted to determine if we could achieve a complex
stoichiometry with respect to an optimized response of the indicator to be used inside the sensor
membrane. For this purpose, we determined the absorption and emission spectra of Eu—Gall, Eu—
TTA-Gall, Eu—PDA and Eu-TTA-PDA-Gall in acetate and MOPS buffer, respectively. It is
important to note that in these earlier experiments the mixed Ac-MOPS-CAPS buffer was not used
but the spectra were detected in acetate and MOPS buffer, separately. Therefore, two data points
always appear at pH 6 (one from the spectrum in acetate and one from the spectrum in MOPS

buffer) where the buffer ranges of acetate and MOPS overlap.

2.2.3  Absorption spectra

2.2.3.1 Absorption spectra of Eu-Gall & Eu-PDA &Eu-TTA -Gall
Fig. 28 shows the absorption spectra of Eu-Gall in molar ratio 1:1. The absorption at

280 nm is modestly dependent on pH.
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Figure 28 Apsorption Spectra of Eu-Gall in molar ratio 1:1, c=10 pmol L ! related to c(Eu3+), Ac or MOPS

buffer (10 mmol L-1).

The absorption spectra of Eu—PDA in Fig. 29 show pH dependence between pH 2 and pH 5, as

well.

| —— pH=3Ac
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—— pH =10 MOPS

Absorbance

T T
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Figure 29 Absorbance Spectra of Eu-PDA in molar ratio (1:1), ¢ =10 pmol L -1 related to c(Eu3+), Ac or MOPS

buffer (10 mmol L -1).

Hence, we decided to employ TTA as a well-known antenna ligand to enhance the emission of Eu®"
and to introduce the pH-dependence mainly via the Gall and PDA ligands. The absorption spectra
of Eu-TTA—Gall (in molar ratio 1:3:1) in acetate and MOPS buffer were recorded, as well as the
absorption spectra of all ligands alone. Fig. 30 shows a pH dependence of the luminescence of the
complex between pH 4 and pH 8. This is close to the pKa; = 4.5 of Gall [41], [42] but obviously the

pK., of Gall is a bit shifted to neutral pH upon complexation.

69



0,8 4

o
=)
1

Absorbance
o
>
L

Al
0241\,

Figure 30

8 —— pH=3Ac
—— pH=4Ac
PH =5 Ac 1,0
—— pH=6Ac
pH =6 MOPS
—— pH=7 MOPS .
3 pH =8 MOPS 084
—— pH=9MOPS
—— pH=10 MOPS

Absorbance
[in 345 nm]

300 400 500 600 700

Wavelength pH
[nm]

Absorbance Spectra of Eu-TTA-Gall in molar ratio (1:3:1), C =10 p mol L -1, Ac or MOPS buffer (10
mmol L-1), and titration plot derived from the absorption spectra of Eu-TTA-Gall in 1:3:1 molar
ratio at 340 nm.

2.2.3.2 Absorption spectra of Eu-TTA-PDA-Gall indicator
We acquired the absorption spectra of Eu’-TTA-PDA-Gall (in molar ratio 1:3:1:1) in

Ac-MOPS-CAPS buffer. As shown in Fig. 31, the complex shows two absorption maxima. The first

one is located at 264 nm and shows higher absorbance (¢ = 7.0 x 10* L (mol cm) " at pH 9) and is

hardly dependent on pH. The more longwave absorption band shows a maximum at 340 nm (¢ = 4.8

x 10* L (mol cm) ' at pH 9) and a pronounced increase of the maximum absorption from pH 2-9.

The new absorption band of Eu’'~TTA-PDA-Gall (1 : 3 : 1 : 1) at 340 nm proved the formation of

the complex because it is absent in the absorption spectra of the pure ligands over the respective pH

range. This indicates that a change of the luminescence spectra over a wide range could be

expected.
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Figure 31 Absorption Spectra of Eu3*-TTA-PDA-Gall (c=10 umol L -trelated to c(Eu3+), Ac-MOPS- CAPS buffer

(10 mmol L -1 n=3).
2.24 Excitation spectra

2.2.4.1 Excitation spectra of Eu-Gall & Eu-TTA &Eu-TTA -Gall
Fig. 32 shows the excitation spectra of Eu-Gall in molar ratio 1:1. No eimssion is seen,

just second order stray light.
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Figure 32 Excitation Spectra of Eu3+-Gall in molar ratio 1:1, (c=10 pmol L-! related to c(Eu3+), Ac or MOPS

buffer (10 mmol L -1)), Aem= 615 nm.

The excitation spectra of Eu—TTA in Fig. 33 shows that there is no pH-dependent eimssion from

Eu’™-TTA at dexe > 300 nm, as well, except second order stray light.
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Figure 33 Excitation Spectra of Eu3*-TTA in molar ratio 1:3, (c=10 umol L1 related to c(Eu3*), Ac -MOPS -CAPS

buffer (10 mmol L-1), Aem= 615 nm.

The excitation maximam of Eu’*-TTA-Gal in molar ratio 1:3:1 in acetate and MOPS buffer is at

345 nm. Fig. 34 shows pH-dependence over a range from pH 3 to pH 7, while for the ligand Gall

the luminescence intensity is much lower at the same wavelength.
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Figure 34 Excitation Spectra of Eu3+-TTA-Gall (c=10 pmol L-! related to c(Eu3+), Ac or MOPS buffer (10 mmol
L'l), )\em= 615 nm.
2.24.2 Excitation spectra of Eu-TTA-PDA-Gall indicator

The excitation spectra of Eu’-TTA-PDA-Gall (molar ratio 1:3:1:1) in (Ac-MOPS-

CAPS) buffer show three bands of the main 5DO —F, luminescence transition of Eu’’ (Aem= 615

nm) that is used for detection (Fig. 35). Unlike in the absorption spectra (fig. 31), the shortwave

excitation band (located at 280 nm) is strongly pH-dependent over a wide range from pH 2-10,
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while the second band (at 350 nm) only slightly changed until pH 7. The reason for this is that the

antenna effect of TTA on PDA is much higher than on Gall (compare intensity at 280 nm in fig.

35 with the one at 350 nm in fig. 35.) The small peak at 308 nm is second order diffraction.
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Figure 35 Excitation Spectra of Eu3+-TTA-PDA-Gall (c=10 pmol L1 related to c(Eu3+), Ac-MOPS-CAPS

buffer..(10 mmol L-1), Aem= 615 nm, n=3).

2.2.5 Emission spectra

2.2.5.1 Emission spectra of Eu-Gall & Eu-TTA &Eu-TTA -Gall

Fig. 36 shows the luminescence spectra of Eu’*—Gall (molar ratio 1:1) in acetate or

MOPS buffer, respectively upon using 300 nm excitation. No emission is seen except from second

order stray light at 600 nm.
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Figure 36 Emission spectra of Eu-Gall in 1:1 molar ratio (c = 10 pmol L-! related to c(Eu3+), Ac or MOPS buffer

10 mmol L-1)), Aexci= 300 nm.
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The emission spectra of Eu—TTA are shown in Fig. 37 (molar ratio 1:3) in acetate or MOPS

buffer, respectively, upon using 280 nm excitation. No emission is seen except from second order

stray light at 560 nm.
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Figure 37 Emission spectra of Eu-TTA in 1:3 molar ratio (¢ = 10 umol L1 related to c(Eu3+), Ac -MOPS- CAPS

buffer 10 mmol L-1), Aexci= 280 nm.

Fig. 38 shows the luminescence spectra of Eu’*~TTA-Gall (molar ratio 1 : 3 : 1) in acetate
and MOPS buffer, respectively, upon using 345 nm excitation. They display the typical pattern of
Eu’" emission bands at 580 nm, 594 nm, and 615 nm, respectively. pH-dependent luminescence at
615 nm 1is found over a range from pH 5 - pH 7. An increase of the fluorescence intensity at 615
nm with variation of pH is clearly visible. However, the pH range is too small to usethis complex in

SENSors.
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TTA- Gall in 1:3:1 molar ratio at 615 nm.

In Fig. 39 we show a wider response of the indicator complex Eu-PDA. This was expected by

employing PDA as a ligand at Eu®" with its pKa, = 2.16 and pKa, = 2.8 [38], [39], [40]. Eu-PDA

gives a wider response in the range between pH 3-8 at 615 nm. This suggested the use of Eu-PDA

inside pH sensor membranes. However, experiments to embed Eu-PDA in various sensor

membrane materials failed because a high degree of leaching of the complex was found. This is

presumably due to its high polarity.
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buffer 10 mmol L-1), Aexi= 345 nm and titration plot derived from the emission spectra of Eu-PDA
in 1:3:1 molar ratio at 615 nm.

By choosing PDA and Gall as pH-dependent ligands to be coordinated to Eu’" we aimed at

decreasing the overall polarity of the complex. The TTA antenna ligands further decrease complex
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polarity so that leaching could be reduced to a negligible extent (see section on response time and
reversibility).

Hence, we choose a Eu-TTA-PDA-Gall stoichiometry of 1:3:1:1. We are well aware of the fact that
these ligands can occupy more coordination sites than Eu®" has (usually 8-9), but our experiments
showed a better response to pH, less leaching off sensor membranes and a brighter emission if we
choose a Eu-TTA-PDA-Gall stoichiometry of 1:3:1:1 instead of 1:2:1:1. As we cannot confirm that
the response to pH is due to the presence of only one complex species but receive the best response
to pH (especially in the later sensor membrane) by Eu-TTA-PDA-Gall in a stoichiometry of 1:3:1:1.
We refer to Eu—-TTA-PDA-Gall in a feed ratio of 1 : 3 : 1 : 1 as the indicator in the ongoing text.
Complexation constants of the ligands for Eu—PDA complexes in a 1 : 1 molar ratio, [46] for Eu—
Gall (1 : 1 molar ratio), [47] and of TTA [48] (1 : 3) in aqueous solutions from literature data are
similar. An Ac-MOPS-CAPS buffer (10 mmol L") was chosen because its buffer range nicely
matches with our desired pH range. Importantly, a Britton—Robinson buffer could not be chosen

because its high content of phosphate can lead to precipitation of insoluble EuPO,.

2.2.5.2 Emission spectra of Eu-TTA-PDA-Gall indicator
We used 345 nm excitation, and measured the luminescence spectra of Eu’ ~TTA-PDA—

Gall (molar ratio 1 : 3 : 1 : 1) in Ac or MOPS buffer. The typical pattern of Eu’* emission bands
appear at 580 nm, 594 nm, and 615 nm, respectively, for all pH values, but pH—dependence is

weak.
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Figure 40 Emission Spectra of Eu3*-TTA-PDA-Gall ; c(Eu3+), Ac or MOPS buffer 10 mmol L-1), Aexci= 345 nm
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Then we changed to 280 nm excitation. Fig. 41 shows the luminescence spectra
enhancement of Eu®~TTA-PDA-Gall (molar ratio 1 : 3 : 1 : 1) in Ac or MOPS buffer over pH.
Again, the typical pattern of Eu’" emission bands at 580 nm, 594 nm, and 615 nm, respectively, are

found for all pH values.
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Figure 41 Emission Spectra of Eu3+-TTA-PDA-Gall (c = 10 umol L-! related to to c(Eu3*), Ac or MOPS buffer 10
mmol L-1), Aexci= 280 nm.

Finally, Fig. 42 shows the luminescence spectra of Eu’'~TTA-PDA-Gall (molar ratio 1 : 3 :
1 :1)in a joind Ac-MOPS- CAPS buffer mixture upon using 280 nm excitation. The typical
pattern of Eu’" emission bands at 580 nm, 594 nm, and 615 nm, respectively, are found for all pH
values. These bands correspond to the Dy — 7F0, Dy — 'F and °Dy — F, transitions of Eu’". An
increase of the fluorescence intensity at 615 nm with variation of pH is clearly visible. This was
expected with regard to the pK,s of the ligands and is similar to the behaviour of Tb complexes with
PDA derivatives. [37] The change of luminescence spans over 8 pH units (from pH 2-10). To our
knowledge, this is the widest range covered by an optical pH-indicator based on lanthanide
complexes. The only indicator system employing a FRET system from a europium chelate donor to
a naphthofluorescein pH indicator yields a narrower pH response (6 pH units) in solution than our
Ln complex (8 pH units) but has not been shown to work in a sensor membrane or a sensor
microtiterplate. [49] Furthermore, this is a much wider pH range as the one that can be covered by

the transition between two luminescent species of a single indicator. So far, the lanthanide
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complexes are advantageous pH-indicators because their high coordination number of 8—9 permits
the use of various ligands with various pK,s in one molecule to spread the detection range of the
luminescence indicator. According to the various pK,s of the ligands, the luminescence of the
complex can respond over a much wider range to changes of pH. The drop of emission at pH = 11
was probably due to the formation of traces of insoluble Eu(OH);.

A detection range of about 8 pH units with luminescence is promising with respect to the
fabrication sensor membranes which then could be used for continuous detection over time in a

flow cell or in a high throughput regime in a sensor microtiterplate.
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Figure 42 Emission Spectra of Eu3+-TTA-PDA-Gall, (c = 10 umol L-! related to to c(Eu3+), Ac-MOPS-CAPS buffer

(10 mmol L), Aexc= 280 nm, n=3).

2.2.6  Excitation spectra of pH-sensor membrane
The Eu-TTA-PDA-Gall complex was embedded into a suitable polymeric membrane

made of cellulose acetate (CA). CA bears OH-groups and ester groups that make it rather
hydrophilic and allow easy permeation of protons. CA is stable over a wide range of pH and a
cocktail can be made in DMF to which the Eu®” indicator is added in DMF solution. After two days
of stirring at elevated temperature, the cocktail is knife-coated onto a mylar support (125 pm thick)
and dried overnight. As a result, strong luminescence of the complex in the membrane was visible

upon irradiation with a UV-lamp at 366 nm (taken with a digital camera; see Figure 43).
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Figure 43 pH sensor foil containing Eu3+-TTA- PDA-Gall (1:3:1:1) upon illumination with a UV lamp.(366 nm.).

In Figure 44, we show the excitation spectra of a sensor foil containing Eu**-TTA- PDA-Gall
(molar ratio 1:3:1:1) by using the luminescence band of Eu’" (Aey= 615 nm) at various pH. Aside
from second order diffraction (at 308 nm), we found pH dependent excitation of Eu**-TTA-PDA-
Gall to be located at 350 nm which is 70 nm more longwave than in aqueous solution. This can be a
result of embedding the complex in the CA sensor membrane due to a change of the polarity of the
microenvironment around the Eu’" indicator inside the polymer. The more longwave excitation is a
further advantage with respect to sensing because it induces less co-excitation of luminescence
background in real samples. The pH-dependence spans from pH 2 to 7 over a wide range of 5 pH

units.
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Figure 44 Excitation spectra of sensor membrane containing Eu3+-TTA-PDA-Gall in molar ratio 1:3:1:1, (c=10

mmol (c=10 mmol L-! related to Eu3+, Ac-MOPS-CAPS buffer (10 mmol L-1), Aem= 615 nm, n=4). The
sudden drops of the emission at 352 nm in the spectra are an instrumental artifact.
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2.2.7  Emission spectra of pH-sensor membrane
The pH-dependent luminescence spectra of the sensor membrane containing Eu®"-TTA-

PDA-Gall (molar ratio 1:3:1:1) are shown upon using 350 nm as excitation wavelength. Again, the
typical bands of Eu’" emission at 580 nm, 594 nm, and at 615 nm, respectively, are found (Fig.
45), similar to the spectra in aqueous buffer (Fig. 42). This points to a very hydrophilic
environment around the indicator which is required for pH measurements. The pH dependence has
a range from pH 2-7, as could be expected from the excitation spectra. Notably, the errors are
smaller than in Fig. 42 and hence, a better reproducibility was achieved. The longwave pink
colored emission of the complex (at 616 nm) is very longwave and thus little affected by potential
co-fluorescent interferents which mostly emit in the more shortwave range of the visible spectrum,
i.e. in the blue or green range. Hence, the large Stokes’ shift of >260 nm of our pH probe can
make measurements less prone to a potential interference of luminescent contaminants in real
samples. The smaller dynamic range of the sensor membrane can be attributed to the fact that the
membrane represents a diffusion barrier as compared to the situation when the complex is free in
solution. Hence, at higher pH (which equals a lower concentration of the proton as the analyte) we
are earlier approaching a point where one cannot discriminate the minute change of luminescence
induced by the change of proton concentration inside the membrane. As diffusion is more limited
inside the membrane than in solution, we find a reduced dynamic range of the indicator inside the
membrane at higher pHs as compared to when the complex can exchange protons free in solution
(Fig. 42). The pH response of the senor membrane from 2-7 can be fitted with y =53.2 - pH — 62.9

(r*=0.98) which gives the sensor a very good resolution.

80



350 4

300+

250 + §
2004 i

150 4

Luminescence [a.u. ]

Luminescence [a.u.] at 615 nm

1004

50-®
T

T T T T T 1
400 450 500 550 600 650
Wavelength / nm pH

Figure 45 Emission spectra of pH sensor membrane containing Eu3+-TTA-PDA-Gall (Ac - MOPS-CAPS buffer
(10 mmol L1), Aexc = 350 nm, n=4).

2.2.8 Response time and reversibility of pH-sensor membrane

Fig. 46 shows that pH sensing over time is possible on-line over a time period of >2.5 h
with only minor leaching (2.6% loss of luminescence intensity at t = 9000 s compared to the
luminescence intensity at t = 500 s) of the complex off the sensor membrane. The measurement
range again spans over 5 pH units and is highly reversible. The forward response time toy per pH
unit is on average at 12.8 min from which 4.5 min are required for the exchange of the sample
medium in the flow cell. Therefore, one could deduce an even more rapid response as low as 480 s
which is more rapid or similar to what was found earlier. [25], [32], [33] Other authors found a
slightly lower tgg value (120 s (pH 8.5 — 7.5)/230 s (pH 7.5 — 8.5)) [9] or a tgs of about 60 s when
going from pH 2 pH 12. [16] A further reduction of the response time of our sensor can be achieved
by reducing the thickness of the membrane to 30 pm (see fig. 47 and 48). Qi et al. reported on
similar response times of a sensor membrane containing various immobilized photoinduced electron
transfer (PET) probes to cover a wide pH range. [50] However, these more rapid responding sensors
required covalent conjugation of the indicators to the polymer[25], [50] and the presence of more
than one indicator [50] making sensor fabrication more complex than in our case with just one
indicator being mixed with the polymer. However, this sensor has a Stokes shift of only 70 nm and
an emission maximum at 550 nm whereas our concept provides >200 nm and more longwave 615

nm emission which both are a benefit for measurements in strongly scattering media.
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Figure 46 Reversibility of a 60 pm pH sensor membrane in Ac-MOPS-CAPS buffer (10 mmol L-1) over time at
varation pH.

Fig. 47 and 48 show again that pH sensing over a longer time is possible on-line with only minute
leaching (1-2%) of the complex off the sensor membrane. Again, the measurement range spans
over 5 pH units and is highly reversible. The thinner foil (Fig. 48; 30 um thick) contributes to a
more rapid response here at the cost of a slightly reduced reversibility. In agreement with the
previous experiment with continuously increasing/decreasing pH, the back response time of the
membrane is considerably shorter when switching from neutral to acidic pH. This can be an

additional advantage if samples are monitored that show high and distinct changes of pH.
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Figure 47 Reversibility of pH sensor membrane (60 pm) when switching from pH 2-7.
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Figure 48 Reversibility of pH sensor membrane (thickness 30 um) when switching from pH 2-7.

2.2.9 pH sensor microtiterplate
In CA, a strong luminescence of the complex of the cocktail is visible (Fig. 49) once it is

deposited in a microtiterplate. The drying procedure and the cocktail had to be modified (see the
experimental section) to avoid cracks in the membrane and the microtiterplate upon drying. Unlike
the mylar used as the supporting material for the sensor membranes, the polystyrene the

microtiterplate is made of is more sensitive to the DMF solvent of the sensor cocktail.

Figure 49 pH sensor microtiterplate with Eu3+-TTA-PDA-Gall (1:3:1:1) upon illumination with UV lamp (366
nm.).

In Fig. 50 we show the plot of the luminescence at 615 nm of the sensor microtiterplate in response

to pH. A favorable pH-dependence over a wide range of 6 pH units is found. The luminescence
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response to changes of pH was read upon excitation with a wide-range excitation filter at 355 nm
every 5 min. The best reproducibility was achieved after about 60 min but reliable values are found
after 10 min, already. This can enable virtual online measurements, if the changes of pH do not
occur on a too rapid timescale. This shows a good long-term capability of the sensor plate for high-
throughput pH measurements in the acidic to the neutral pH range. The pH response of the sensor

microtiterplate from 2-8 can be fitted with y=3760 - pH + 34920 (r*=0.98).
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Figure 50 Response of sensor microtiterplate with Eu3+-TTA-PDA-Gall (Ac-MOPS-CAPS buffer (10 mmol L-1)

to varation pH (Aem = 615 nm, Aexc = 355 nm, n=8.

In Fig. 51 we show that pH sensing is still possible after 24 h with a pH-dependence over a
wide range of 5 pH units, and good reproducibility
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Figure 51 Response of sensor microtiterplate with Eu3+-TTA-PDA-Gall (Ac-MOPS-CAPS buffer (10 mmol L-1)to

varation pH(Aem = 615 nm, Aexc = 355 nm, n=8) after 24 h.
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2.3 Conclusion

Our new concept shows that it is possible to design pH indicators that are composed of only on type
of molecule that carries various ligands with multiple protonation sites. The various pK, values of
the ligands enable a pH-dependent luminescence response of the lanthanide complexes over a range
of 8 pH units which is unique for a single indicator molecule. The complex shares the typical
advantages of lanthanide complexes such as a large Stokes’ shift of >260 nm and a longwave 615
nm emission which both is a benefit for the use in sensors or measurements in strongly scattering
media. New low-cost optical sensor membranes for continuous wide-range measurement of pH over
5 pH units could be fabricated. They are fully reversible, have a long operational lifetime and
response times that are common for luminescent pH sensor membranes. Finally, a sensor
microtiterplate with long operational lifetime and a response range of 6 pH units demonstrates that

our new sensor concept can also be used for high-throughput sensing of pH.

2.4 Experimental section
Materials

2-Thenoyltrifluoroacetone and pyridine-2,6-dicarboxylic acid (PDA) were obtained in 99% purity
from Sigma—Aldrich and gallic acid (Gall) was obtained in 99% purity from Fluka. EuCl; in
99.99% purity was obtained from Sigma—Aldrich. Ac-MOPS-CAPS buffer solution was prepared
by dissolving 10 mmol/L (99% purity, from ROTH) of each, 3-(N-Morpholino)-propansulfonic acid
(MOPS) and N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) and acetic acid (glacial, 100%
purity, from Merck) (Ac) in bidistilled water. Stock solutions of europium chloride were prepared
by dissolving 100 umol/L of EuCls; in Ac-MOPS-CAPS buffer (10 mmol/L) of various pH 2-11.
Ligand stock solutions of the same concentration (100 pmol/L) in the same buffer were prepared
over the whole pH range. Diluted solutions of Eu’"-TTA-Gall-PDA were obtained by mixing 200

uL of Eu** stock solution, 600 uL of TTA stock solution, 200 pL of Gall stock solution, and 200 uL
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of PDA stock solution with 800 pL of Ac-MOPS-CAPS buffer to 2 mL at the respective pH (2-11).
These solutions were also mixed in variable molar ratio (i.e. volume of Eu®": Ligand 1: Ligand 2:
Ligand 3) for every pH and the complexes were allowed to form in solution. Ionic strength was kept
constant at 10 mM with NaCl during all measurements. The cellulose acetate (Mw 30,000 Da, 39.8
wt% acetyl content) was from Sigmaaldrich and a biaxial polyethylene terephthalate foil (Mylar™)
of 125 pum thickness from Goodfellow (Bad Nauheim, Germany) served as solid support for the

sensor membranes. Membrane thicknesses are given as adjusted during the knife coating process.

Apparatus

pH was adjusted with a pH meter CG 842 from Schott. All absorption spectra were recorded at
room temperature on a Varian Cary 50 Bio UV-Visible Spectrophotometer by using quartz cells
with a 1 cm path length. Luminescence measurements of complexes in aqueous solution were
carried out on an Aminco Bowman AB2 luminescence spectrometer. Slit widths for excitation and
emission were 4 nm and 4 nm, respectively. Sensor membranes were characterized on a Jasco 6300
spectrofluorimeter equipped with a flow cell oriented with 30° incident angle. A 150 W Xenon
lamp served as excitation source and the slit widths of excitation and emission wavelength were 5
nm and 5 nm, respectively. Microtiterplate measurements were performed with a BMG Fluostar
OPTIMA with filters for excitation of 355 nm (40 nm FWHM) and emission of 615 nm (10 nm

FWHM). All spectroscopic measurements were conducted at 22°C.

Fabrication of sensor membranes and sensor microtiterplates

A 10 % wt. polymer solution of CA is made in dimethyl formamide (DMF), as well as a solution of
10 mmol/L of Eu**-TTA-Gall-PDA (1:3:1:1) in DMF. 250 pL of indicator solution and 750 pL of
CA in DMF are added into a preheated (60 °C) glass vial and mixed violently for about 48 h. This is
the sensor cocktail. 200 pL of warm cocktail are knife coated on a Mylar foil strip to spread the

cocktail on the carrier foil. The thickness of the wet sensor membrane can be adjusted to 60 or 30
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um, respectively. The sensor membrane is dried in an oven for 24 h at 60 °C to evaporate the DMF,

this yield final membrane thickness about 6 and 3 pum, respectively. Membranes of 2.0 cm diameter

are cut with a hole puncher and mounted in the flow cell where buffers of various pH are pumped

by a Gilson minipulse 3 pump with a speed of 1.5 mL/min.

Transparent flat bottom micro plates (product number 655101) from Greiner BIO-ONE

GmbH were filled with 25 pL of cocktail. The microtiterplate was dried in an oven for 3 h at 40 °C

to evaporate the DMF solvent, washed 6 times with bidistilled water, and the respective buffer (100

umol/L, pH 2-11) was added.
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3. Sensor and sensor microtiterplate with expanded pH detection
range and their use in real samples

3.1 Introduction
Over the past two decades one has witnessed high research activities in the field of optical

sensors which serve as cost effective, durable, compact and comparatively sensitive devices to
quantify a large variety of analytes. Among the optical chemical sensors, a large number of optical
pH sensors (so called pH opt(r)odes) have been developed [1],[2]. pH optodes are used for
measurement and control of pH in many fields such as chemistry, biology, biochemistry, molecular
biotechnology, clinical chemistry, medical and environmental, and marine sciences, industrial
production monitoring, the automotive industry, telecommunication industries and in engineering
research [3],[4]. One of the main reasons for the development of pH optodes are the lack of
necessity of a reference electrode and their electrical safety [5]. pH optodes are based on pH-
induced reversible changes of optical properties of immobilized indicator(s) like absorbance [6],
reflectance [7] or luminescence [8]. Further, chemiluminescence, energy transfer [9] or light
scattering, luminescence lifetime, refractive index, diffraction and polarization may vary upon
changes of pH [10]. pH optodes have advantages with respect to low production costs, small size,
light weight, ease of handling and immunity to electromagnetic interferences. This allows pH
optodes to be used in presence of flammable or explosive compounds or for continuous in-vivo
measurements (e.g. in the blood stream) [11],[12]. Typically, pH optodes consist of a pH-sensitive
dye (i.e. the pH-indicator) immobilized in a polymer matrix which has to provide suitable
mechanical stability, a strong noncovalent or covalent interaction with the indicator (to prevent
leaching) and a sufficient water uptake [13]. The response of luminescent pH optodes is a function
of the concentration of the acidic and basic forms of the indicator [14], which follows the
Henderson-Hasselbalch equation (mass action law) but not the activity of the hydrogen ion.
Although most optical pH-indicators are essentially (de)protonatable chromophores [15], most

sensors containing one indicator cover not more than 3-4 pH units [16].
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Various concepts for widening the response of luminescent sensors to pH were suggested over
the past years. Double layer spin-coating of two kinds of quantum dots (QDs) with 525 nm and 605
nm emission in one layer and a mixture of neutral red and methyl yellow in the other layer resulted
in sensor membranes in which the QD emission is transmitted depending on the pH-dependent
absorption of the indicator couple. This concept requires one excitation and two detection
wavelengths for the ratiometric readout of pH [17]. The embedding of a mixture of microbeads of
two indicators (having different pK,s) into a hydrogel matrix yielded sensor membranes with LED-
compatibility also requires two emission wavelengths and another reference dye to be used, if
referenced lifetime-based sensing is done [18].

The concept of using multiple indicators from the same class of dyes, yet with various
substitution patterns was shown by several authors [19],[20]. A series of naphthalimide pH
indicators yielded a series of novel optical sensors with a wide working range. A necessary feature
is that the emission intensity of all indicators shows the same change (decrease) at higher pH to
facilitate the combination of many dyes in one sensor membrane [8]. Similarly, 8 new aza-BODIPY
indicators with pK, values from the acidic to the basic range were used to fabricate sensors that
respond from pH 2-9 by combining four BODIPYs in the same senor foil [21]. An array of 12
BODIPY derivatives as pH indicators with four reference dyes was joined on a dipstick for
determination of pH via luminescence. pH can be determined with LED excitation on a dipstick in a
home-made inexpensive device that is attached to a smartphone [22]. A useful feature of all these
multi-indicator sensors is that all dyes inside the sensor membrane have the same excitation and
emission maxima. This enables the use of simpler equipment with only one excitation source and
one emission wavelength. However, prior fabrication these sensors require considerable effort for
the synthesis of the many derivatives of the indicators.

We therefore recently introduced a new concept for wide-range pH indicators and sensors that
employs lanthanide complexes with ligands that have various pK,s [23]. Hence, a wider pH range

becomes accessible. Potential candidates for such luminescent probes are complexes of Eu’", Tb>",
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DySJr and Sm’" that provide 8-9 coordination sites [24] and strong luminescence in the visible range.
The advantage of this concept is that only one excitation and detection wavelength are required for
detection of pH, unlike in ratiometric schemes which use dye mixtures that require several
excitation and emission readouts. This lower instrumental demand facilitates the pH readout and
sensor integration into miniaturized devices. A further advantage is that the synthetic effort to
obtain various ligands is much less (many ligands can be purchased) compared to the many steps
required to prepare several derivatives of the same class of a luminescent dye. Therefore, this multi-
pKa-ligands scheme can open a gate for new wide-range optical pH probes and sensors. A similar
concept based on an organic dye uses a 10-(4-aminophenyl)-5,15-dimesitylcorrole with three
deprotonation steps [25]. Until now, only one group used one single ligand on a lanthanide complex
for a broad range sensor of pH [26].

In this paper we show that a simple lanthanide complex with only two different ligands
attached to the Eu’" ion yields a pH indicator with the widest detection range obtained from a single
molecule, so far. The new indicator has a wider the detection range in a sensor membrane and a
sensor microplate than in earlier work. We attached 2-thenoyl trifluoroacetone as deprotonable
antenna ligand and pyridine-2,6-dicarboxylic acid as bidentate aromatic ligand. PDA can strongly
coordinate to Eu’" ions via the carboxylic acid groups and retains a deprotonable group after
complexation. A Eu- TTA- PDA complex feed ratio of 1:3:2 shows a wide-range luminescence
response from pH 2-10. Embedding the indicator into a cellulose acetate polymeric membrane on a
Mpylar foil as a support yields a sensor membrane with a working range from pH 2-8. For high-
throughput applications sensor microtiterplates showed the same wide pH 2-8 working range and
operational stability over one day. The sensor microplate proved its applicability to various real
samples with no pre-treatment by delivering pHs close to those acquired with a pH electrode as

reference.

93



3.2 Results and discussion

3.2.1 Choice of ligands and conceptual remarks
In lanthanide complexes, the excitation light absorbed by the ligands is transferred to the

ligand triplet state by intersystem crossing and then intramolecularly transferred to the Ln’" ion.
This sensitized luminescence of lanthanides is widely used in probes and labels in analytical,
chemical, medical and biological sciences [27]. Lanthanide complexes exhibit favourable
luminescence properties including sharp emission peaks, excellent photostability, large Stokes’
shifts, a high quantum yield for optical sensing and a long excited-state lifetime ranging from ps to
ms (Eu’", Tb*") [28]. However, lanthanide ions show low absorbance and weak emission in aqueous
solution due to low absorption coefficients, low quantum yields or low yields of the transitions
following absorption. This drawback can be overcome through coordinating highly absorbent
chelating ligands like B-diketonates or aromatic carboxylic acids that efficiently sensitize lanthanide
luminescence [29]. The ligands should be bidentate (or have more than two coordination sites) to
strongly coordinate to the lanthanide ion and contain deprotonable groups in coordinated state. We
therefore used bidentate water-soluble 2-thenoyltrifloroacetone that is a well-known antenna ligand
for Eu’". TTA has a pK, of 6.38 and its antenna effect is dependent on the protonation in complexed
state [30],[31]. Pyridine-2,6-dicarboxylic acid (PDA) also is a water-soluble, strongly coordinating
ligand for lanthanide ions. It retains one carboxylic acid group after complexation to Eu®". PDA has
pKa1 = 2,16 and a pK,; =2.8 [32],[33],[34]. Unlike in our previous work, we omitted gallic acid as a
ligand to be coordinated because its first pK, is between the one of PDA and of TTA. This does not
further expand the detection range of the indicator complex. The pK,, of gallic acid at about 10 did
not yield an expansion of the working range at pH>10 of both, the indicator in solution and the
sensors [23]. Therefore, gallic acid was no more considered. Moreover, we hoped to obtain more
linear calibration plots due to the higher spread of the pK,s of TTA and PDA and an improved

stoichiometric ratio of the ligands.
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The feed ratio of the Eu-TTA-PDA complex of 1:3:2 was experimentally optimized and is
based on similar formation constants of Eu-PDA in 1:2 molar ratio [35], and of TTA in 1:3 molar
ratio [36]. Although TTA and PDA could occupy more than the 8-9 coordination sites on a Eu®" ion
with this feed ratio, our sensors showed a better response to pH and a brighter emission compared to
a Eu-TTA-PDA ratio of 1:3:1 or 1:2:2. Presumably, the response to pH is due to the presence of not
only one complex species, as in our previous work [23]. As a stoichiometry of the Eu-TTA-PDA
complex of 1:3:2 gives the best response to pH we refer to Eu-TTA-PDA in a feed ratio of 1:3:2 as
the indicator in the following. The same Ac-MOPS-CAPS buffer (10 mmol/L) was chosen as in
previous work. Britton-Robinson buffer cannot be used because precipitation of insoluble EuPO,

may occur.

3.2.2 Absorption spectra of the indicator
The pH- dependent absorption spectra of the ligands alone as well as the absorption

spectra of the Eu’"-TTA-PDA complex (in molar ratio 1:3:2) were acquired in buffer at various pH.
Figure 52 shows the pH-dependent absorption of PDA with a maximum at 273 nm with certain pH-
dependence. TTA shows a strongly pH-dependent absorption band with a maximum at 355 nm
(figure 53). These absorption maxima shift hypsochromically upon complexation compared to those
of the pure ligands. As shown in Fig. 54, the Eu’-TTA-PDA complex shows two absorption
maxima. The shortwave absorption maximum is located at 270 nm and shows higher absorbance (&
=3.95 x 10* L (mol cm)™ at pH 8) and is little dependent of pH. The more longwave absorption
band shows a maximum at 340 nm (¢ = 3.50 x 10* L (mol cm)™ at pH 8) which increases from pH
2-8. The absorption maximum of Eu’"-TTA-PDA (1:3:2) at 340 nm is strongly shifted (15 nm
hypsochromically) with respect to the absorption spectra of the pure TTA ligand. These shifts of the
maxima indicate the formation of the complex. The titration plot of the absorbance at 340 nm shows
that the pK, of TTA has slightly shifted to 6.8 upon complexation compared to 6.38 [31] in

solution.
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3.23 Excitation spectra of the indicator
The excitation spectra (Ae,= 615 nm; 5 Dy —>7F2 luminescence transition of Eu3+) of the

Eu’"-TTA-PDA complex in a molar ratio 1:3:2 in buffer are shown in figure 55. There are two
bands visible. The shortwave excitation band (located at 280 nm) is strongly pH-dependent from pH
2-10 which is in contrast to the absorption spectra where the longwave band shows stronger pH
dependence (figure 54). However, the excitation spectra in figure 55 are in accordance with the
excitation spectra of Eu-TTA and Eu-PDA complexes (see figures 56 and 57) under the same
conditions. Here, only PDA shows pH-dependent excitation at 280 nm and only second order stray
light is visible for Eu-TTA. Hence, only PDA complexed with Eu ** seems to contribute to the pH-
dependence of the excited state. The second band in figure 55 at 308 nm is second order diffraction.
The third excitation band at 460 nm increases only minute until pH 8. Additionally, the titration plot
has an almost linear shape pH from 4-10. The shape of the plot is affected by complex

stoichiometry and a Eu-TTA-PDA ratio of 1:3:2 yielded a most linear plot.
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buffer, Aem= 615 nm, n=3) and related titration plot.
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3.24 Emission spectra of the indicator

The luminescence spectra of Eu’"-TTA-PDA (molar ratio 1:3:2) upon using 280 nm
excitation show three typical Eu’" emission bands at 580 nm, 594 nm and at 615 nm, respectively, at
all pH values (figure 58). These correspond to the *Dy — F, >Dy —'F}, and *Dy —F transitions of
Eu’". An enhancement of the fluorescence intensity at 615 nm with pH over a wide range from pH
2 to 10 is clearly visible. The working range of the indicator over 8 orders of magnitude was
expected with regard to the excitation spectra. Tb complexes with PDA derivatives showed similar

behaviour, yet less pH dependence [29]. This is the broadest range covered by an optical pH-
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indicator based on a single type of molecule, so far. Importantly, the shape of the titration plot was
significantly improved with the new indicator with respect to our previous work. Formerly, we
noticed a low increase of the luminescence emission of the indicator from pH 2-6 and a pronounced
increase at pH 7-10. The current titration plot has a much more uniform slope over a wider range
from pH 4-10 and only has a slightly steeper slope from pH 2-4. The pH-dependence from pH 4-10
can be fitted linearly very well with y= 1.72+pH - 0.830 (r* = 0.992). The emission drops at pH>11.
This can be attributed to the formation of traces of insoluble Eu(OH); at high pH. A related FRET
indicator system with a europium chelate donor and a pH indicator based on a fluorescein only
shows a response over 6 pH units in solution [37]. However, no sensor application was reported
with this indicator couple. Hence, the concept of combining various ligands with various pK,s in
one molecule to spread the detection range of the luminescent indicator works very well. Similarly
to earlier multi-indicator concepts [8], [21], only one excitation and emission wavelength are
required which can simplify the equipment for the measurements down to e.g. an LED and a
photodiode. Unlike in previous multi-indicator concepts, no complicated organic multistep
syntheses are required to obtain a collection of indicators with various pK,s because the various
pKas are intrinsically contained inside every single indicator molecule via the complexed ligands.
The emission spectra show that reducing the number of deprotonable ligands around Eu®* from 3 to

2 does not compromise the performance of the resulting indicator complex.
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Figure 58 Emission spectra of Eu3+-TTA-PDA (c=10 umol/L related to c(Eu3+), 10 mmol L-1, Ac-MOPS-CAPS

buffer, Aexc= 280 nm, n=3) and related titration plot.
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3.2.5 Excitation spectra of pH-sensor membrane
The Eu-TTA-PDA indicator was embedded into a suitable polymeric cocktail with

cellulose acetate (CA). We found that CA allows easy permeation of protons due to its
hydrophilicity from the OH-groups and ester groups that are attached on the carbohydrate
backbone. CA is stable over a wide range of pH and retains lanthanide indicators inside the sensor
foils. After three days of stirring at elevated temperature in DMF the cocktail is homogeneous and
can be knife-coated onto a layer of mylar foil (125 um thick) as a suport. Visual inspection reveals a
strong luminescence of the complex inside the membrane upon irradiation with a UV-lamp at 254

nm (figure 59).

Figure 59 pH sensor foil containing Eu3+-TTA- PDA (1:3:2) upon illumination with a UV lamp (254 nm).

The pH-dependent excitation spectra of a sensor membrane containing Eu’-TTA- PDA by using
Aem= 615 nm of Eu®" are shown in figure 60. The shortwave band is second order diffraction at 308
nm. The excitation at 350 nm shows pH-dependence from pH 2 to 8 over a wide range of 6 pH
units. As shown for the comlex in the previous chapter the pH-dependent excitation maximum is
bathochromically shifted 70 nm compared to the aqueous solution. We therefore acquired excitation
spectra of Eu’™-TTA (1:3) and Eu’"-PDA (1:2) in aqueous buffer in order to determine whether this
shift of the pH dependent excitation band is due to the ligands or due to the CA polymer. A
comparison of the excitation spectra of the complexes Eu’"-PDA (figure 57) and of Eu’*-TTA-PDA

(figure 55) shows that pH dependent excitation in buffer is always at 280 nm. Eu’"-TTA (figure 56)
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just shows second order stray light, here. Figures 56 and 57 also show that there is no pH-dependent
excitation from Eu’"-TTA and Eu’"-TTA-PDA at Aexe > 300 nm in buffer. This means that the shift
of the pH dependent excitation is a result of the embedding of the indicator into the CA. The change
of the polarity of the microenvironment around the Eu’" indicator inside the polymer membrane is
probably the reason for this shift. Nevertheless, this longwave excitation is very beneficial with
respect to sensing because potentially less of luminescence background will occur in real samples.
The pH response of the senor membrane from 2-8 can be fitted with a sigmoidal Boltzmann fit with
y = 576.2 + ((130.1-576.2)/(1+exp((pH -5.966)/0.6205))) (r* = 0.987) which gives the sensor

membrane a good resolution.
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Figure 60 Excitation spectra of pH sensor membrane containing Eu3+-TTA-PDA (10 mmol L-1, Ac -MOPS-CAPS
buffer, Aem = 615 nm, n=4) and related titration plot.

3.2.6 Emission spectra of pH-sensor membrane
. .. 3+
In figure 61, we show the luminescence spectra of a sensor membrane containing Eu”™" -

TTA-PDA by using Aexe = 350 nm at various pH. Similar to the luminescence spectra in aqueous
buffer (fig. 58) appear the typical bands of the Eu’" emission at 580 nm, 594 nm, and at 615 nm,
respectively. This means that the hydrophilic environment around the indicator is retained inside the
membrane. The longwave pink coloured emission at 615 nm nicely meets the range where less
luminescence background in real samples can be expected. Moreover, the Stokes’ shift of >260 nm
is large which enables easy separation of emitted light from scattered excitation or co-excited

shortwave emitting biomatter, even with less expensive optical equipment.
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The sensor membrane has a working range from pH 2-8 over 6 pH units. This is even one pH
unit wider than in our earlier work [23] although only two different ligands are attached (compared
to three different ones, formerly). We attribute this to the fact that obviously gallic acid (in the
former complex [23]) did not contribute too significantly to the excitation energy transfer to the
Eu’"-ion which is why we did not see its contribution at pHs > 9. Hence, the dynamic range of the
sensor membrane is only slightly smaller than that of the indicator in solution. The pH response of
the senor membrane from pH 2-8 can be fitted with a sigmoidal Boltzmann fit with y = 606.4+
((60.21-606.4)/(1+exp((pH -6.137)/1.132))) (> = 0.985) which also gives the sensor a better

resolution than in previous work.
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Figure 61 Emission spectra of pH sensor membrane containing Eu3+-TTA-PDA (10 mmol L-1, Ac -MOPS-CAPS
buffer, Aexc = 350 nm, n=4) and related titration plot.

3.2.7 Response time and reversibility of pH-sensor membrane
The forward response time tog per pH unit is on average at 13.5 min and the back

response time is 12.6 min. However, 4.5 min are required for the exchange of the sample medium in
the flow cell which is why response times of as low as 540 s (forward) and 486 s are more
plausible. These response times closely resemble those of earlier sensors [23] and are similar or
more rapid to what was found earlier [38], [39], [40]. More rapid tos values of about 60 s when
going from pH 2 to pH 12 were also found, but in this scheme two dyes had to be employed,
already [18]. Furthermore, the dyes had to be covalently conjugated to particles that then were

enclosed inside a sensor membrane, making membrane fabrication more complicated compared to
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our sensors were only the indicator had to be mixed with the polymer. Furthermore, the response
time of our senor membrane can be reduced, as well by using thinner (30 um) membranes (see next
paragraph). Similar response times of sensor membranes were published but again the membranes
contained various immobilized dyes which requires more effort for the synthesis of indicators and
membrane fabrication to cover a wide pH range [8], [41]. Importantly, the present sensor has a
huge Stokes’ shift > 260 nm and more longwave 615 nm emission. This is beneficial when
measurements in strongly scattering real samples are performed and co-excited luminescence
background of such sample should not interfere with detection of pH.

Figure 62 and 63 show only minute leaching (1 % loss of luminescence intensity at t = 2800 s
compared to the luminescence intensity at t = 500 s) of the complex off the sensor membrane. One
can also conclude that long-term and on-line pH sensing over hours is possible with these
membranes. Again, the measurement range spans over 6 pH units and is well reversible. The
response of the membrane with 60 um (figure 63) is a bit slower. The back response time of the
membranes is considerably shorter than when switching from acidic to neutral pH. This behavior
was also seen in earlier experiments [23, 40] and can be an additional advantage, if samples are

monitored that show high and distinct changes towards acidic pH.
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Figure 62 Reversibility of pH sensor membrane (30 pum) when switching from pH 2-8.

103



8,8 4 pH=8

8,6 -
3
©
© 84
2
3
3 82
£
€
3
— 80

7.8

pH=2 pH=2
0 500 1000 1500 2000 2500 3000
t/s
Figure 63 Reversibility of pH sensor membrane (thickness 60 pm) when switching from pH 2-8
3.2.8 pH sensor microtiterplate

The sensor cocktail containing Eu’’-TTA-PDA is strongly luminescent in a
microtiterplate (figure 64) under excitation with a 366 nm UV-lamp. The sensor microtiterplate is
dried at lower temperature and for a shorter time than sensor membranes to avoid cracks of the
layer inside the microtiterplate wells. Possible reasons are less solvent (DMF) resistance of the
polystyrene microtiterplate compared to the mylar (used as supporting material for the sensor
membranes) and larger differences of the thermal expansion coefficients of the sensor cocktail and

the polystyrene (of the microplate) than the difference is between the cocktail and the mylar.

Figure 64 pH sensor microtiterplate with Eu3+-TTA-PDA (1:3:2) upon illumination with UV lamp (366 nm).
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In figure 65, we show the luminescence titration plot of the of the sensor microtiterplate at 615 nm.
A favorable pH-increase over a wide range of 6 pH units is found. The luminescence response to
changes of pH was read upon excitation with a wide-range excitation filter at 355 nm each 5 min.
The best reproducibility was achieved after 15 min but reliable values are found after 10 min,
already (see next section). This can enable virtual online measurements, if the pH change of a
sample does not occur too fast. Moreover, this response is in the same range, as found for the sensor
membranes (see previous section). The pH response of the sensor microtiterplate at 15 min from 2-8
can be fitted with y= - 8643 + 7911 - pH (r’=0.983). Moreover, it is obvious that pH sensing over 6
pH units is possible for several hours with good reproducibility. Even after one day, the decrease of
the slope of the calibration plot between pH 2-8 is only 6,6%. This is much more stable than with
our previous indicator which showed a higher change of the slope and a reduced dynamic range
after one day [24]. Hence the sensor microtiterplate with Eu’"-TTA-PDA shows a considerably

improved long-term stability for high-throughput measurements of pH in the acidic to the slightly

alkaline pH range.
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Figure 65 Response of sensor microtiterplate with Eu3+-TTA-PDA (Ac-MOPS-CAPS buffer (10 mmol L") to

varation pH (Aem = 615 nm, Aexc= 355 nm, n=8) after 15 min, 1 h, 2h and 24 h.
3.2.9 Application of the pH sensor microtiterplate to real samples
The pH sensor microtiterplate was tested with real samples of various origins. We took

water from three rivers in the Regensburg area, the university lake and urine from a healthy
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volunteer. The real samples and buffer solutions from pH 2-8 (for calibration) were pipetted into the
wells of a sensor microtiterplate and the luminescence intensity was measured over 1 h in 5 min
intervals. Then, the pH of the real samples was derived from the calibration plot. After that, the pH
obtained with the sensor microtiterplate was compared with the pH value taken with a glass
electrode. It is obvious from table 1 that after 10 or 15 min the difference is just £0.2 pH unit.
Importantly, there is only little change of the pH from the sensor microtiterplate over 15 min. After
1 h, higher deviations occur with respect to the measurments of the pH-electrode. This demonstrates
the stability of the sensor spots inside the wells of the microtiterplate, even in the presence of real
samples. The overall well agreement of the pH values obtained with the electroanalytical and the

optical method shows that the sensor microtiterplate is a viable tool for screening of pH in real

samples.
Table 5 Comparison of pH found with the sensor microtiterplate (Aexc = 355 nm, Aem = 615 nm, n=4) over
time with the pH measured with a glass electrode.
Samples glass microtiterplate | microtiterplate after microtiterplate
electrode after 10 min 15 min after 1 h
river Danube 7.08 7.11 6.94 6.73
river Regen 6.56 6.15 6.06 6.56
river Naab 6.03 5.95 5.83 5.48
university lake 6.90 6.94 6.85 6.91
tap water 7.50 8.05 7.82 7.43
urine 6.50 6.47 6.44 6.69

3.3 Conclusion
A simple lanthanide complex consisting of an Eu’" ion with only two selected ligands

carrying deprotonable groups with different pK, can serve as a wide-range pH indicator with a
working range of 8 pH units. This is unique for an indicator consisting of a single molecule. The pH
sensor membranes containing this indicator in cellulose acetate permit stable measurements over
hours and have a dynamic range of 6 pH units. This is one pH unit wider than that of a former

sensor using a lanthanide complex as the indicator. The embedding of the sensor cocktails in the

106



wells of a microtiterplate yields a high-throughput sensing tool for pH that can be used for up to 24
h. This makes the senor microtiterplate environmentally friendly because the waste of multiple
disposable sensors could be avoided by its use. The plate responds within 10-15 minutes and the
pHs read from various real samples against those obtained from a glass electrode showed a very
good agreement. In future, such new lanthanide indicators could be designed with additional ligands
for covering an ever wider pH range.

3.4 Materials and methods
Materials

Pyridine-2,6-dicarboxylic acid (PDA) and 2-Thenoyltrifluoroacetone were obtained in 99% purity
from Sigma—Aldrich. EuCl; was obtained in 99.99% purity from Sigma—Aldrich. Ac-MOPS-CAPS
buffer solution was prepared by dissolving 10 mmol L™ of 3-(N-Morpholino)-propansulfonic acid
(MOPS) and N-cyclohexyl-3-aminopropanesulfonic acid (CAPS) (each from ROTH in 99% purity)
and acetic acid (glacial, 100% purity, from Merck) (Ac) in bidistilled water. Stock solutions of
europium chloride were prepared by dissolving 100 pmol L of EuCl; in Ac-MOPS-CAPS buffer
(10 mmol L") of pH 2-11. Ligand stock solutions of the same concentration (100 umol L™) in the
same buffer were prepared over the whole pH range. Diluted solutions of Eu’"-TTA- PDA were
obtained by mixing 200 uL of Eu’" stock solution, 600 pL of TTA stock solution, and 400 pL of
PDA stock solution with 800 puL of Ac-MOPS-CAPS buffer to 2 mL at the respective pH (2-11).
These solutions were also mixed in variable molar ratio (i.e. volume of Eu’": Ligand 1: Ligand 2)
for every pH and the complexes were allowed to form in solution. Ionic strength was kept constant
at 10 mM with NaCl during all measurements. The cellulose acetate (M,, 30,000 Da, 39.8 wt%
acetyl content) was from Sigma-Aldrich and a biaxial polyethylene terephthalate foil (Mylar™) of
125 mm thickness from Goodfellow (Bad Nauheim, Germany) served as solid support for the

sensor membranes. Membrane thicknesses are given as adjusted during the knife coating process.
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Apparatus

pH was adjusted with a pH meter CG 842 from Schott. All absorption spectra were recorded at
room temperature on a Varian Cary 50 Bio UV-Visible Spectrophotometer in quartz cells with a
path length of 1 cm. Luminescence measurements in aqueous solution were carried out on an
Aminco Bowman AB2 luminescence spectrometer. Slit widths for excitation and emission were 4
nm and 4 nm, respectively. Sensor membranes were characterized on a Jasco FP-6300
spectrofluorimeter equipped with a flow cell oriented with a 30° incident angle. A 150 W Xenon
lamp served as excitation source and the slit widths for excitation and emission were 5 nm and 5
nm, respectively. Microtiterplate measurements were performed with a BMG Fluostar OPTIMA
with filters for excitation of 355 nm (40 nm FWHM) and emission of 615 nm (10 nm FWHM). All

spectroscopic measurements were conducted at 22°C.

Fabrication of sensor membranes and sensor microtiterplates
A 10 % wt. polymer solution of CA is made in dimethyl formamide (DMF), as well as a solution of
10 mmol L™ of Eu**-TTA- PDA (1:3:2) in DMF. 250 pL of indicator solution and 750 pL of CA in
DMF are added into a preheated (60 °C) glass vial and mixed violently for 72 h. This is the sensor
cocktail. 200 uL of warm cocktail are knife-coated on a Mylar foil strip to spread the cocktail on the
carrier foil. The thickness of the wet sensor membrane can be adjusted to 60 or 30 um, respectively.
The sensor membrane is dried in an oven for 24 h at 60 °C to evaporate the DMF, this yield final
membrane thickness about 6 and 3 um, respectively. Membranes of 2.0 cm diameter are cut with a
hole puncher and mounted into the flow cell. Buffers of various pH are pumped by a Gilson
minipulse 3 pump with a speed of 1 mL min™ through the flow cell.

Transparent flat bottom micro plates (number 655101) from Greiner BIO-ONE were filled
with 25 pL of cocktail. The microtiterplate was dried in an oven for 6 h at 45 °C to evaporate the
DMF solvent, washed 3 times with bidistilled water, and the respective buffer (100 pmol L™, pH 2-

11) or real sample was added.
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Abbreviations

g Absorption coefficient
AlIE Aggregation-induced emission
ANN Artificial neural network
BY Brilliant yellow
CIVs Counterion-induced vesicles
ED electric dipole
exc Excitation spectrum
em Emission spectrum
Gall Gallic acid
HPTS 1-hydroxypyrene-3,6,8-tirsulphonate
IC Internal conversion
ISC Intersystem crossing
IS Ionic strength
LBL layer-by-layer
LED Light emitting diode
LPFG Long-period fiber grating
MD Magnetic dipole
MOF Metal-organic framework
NCF No-core fiber
NCQDs N-doped carbon quantum dots
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NIR

Near infrared

NR Neutral red
NMR Nuclear magnetic resonance
PDA Pyridine-2,6-dicarboxylic acid
) Quantum yield
QD Quantum dot
RSD Relative standard deviation
So Ground singlet state
Sy Excited singlet state
TPE Tetraphenylethene
TTA 2-thenoyl trifluoroacetone
T, Triplet state
uv Ultraviolet
pK. Acid dissociation constant
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5. Summary

5.1 In English

The aim of my work was to design new low-cost optical luminescent pH sensor membranes
and a sensor microtiterplate containing lanthanide complexes for continuous quantitation of pH over
a wide range. These sensors should overcome the typical drawbacks of classical optical indicator
dyes with a dynamic range of up to 3 pH units only (due to the mass action law) and of
electrochemical sensors which cannot be miniaturized to um-size or enable imaging over larger
areas (e.g. in cell culture). We therefore introduced a new design concept for wide-range pH
indicators and sensors that employs lanthanide complexes with ligands that have various pK,s.

Hence, a wider pH range becomes accessible.

First, we complexed europium with three different ligands with various pK,s to form an indicator.
These ligands are Gallic acid (Gall) a trihydroxybenzoic type of phenolic acid that can strongly
coordinate to Eu’" ions via the carboxylic acid groups and has pKa, = 4.5 and pKa, = 10. Pyridine-
2,6-dicarboxylic acid (PDA) is the second ligand that has pK,; = 2.16 and pK,, = 2.8. 2-Thenoyl
trifloroacetone (TTA) with a pK, of 5.61 is the third ligand that is coordinated to Eu’" ions. TTA is
captures excitation light and efficiently transfers it to Eu’" inducing a strong luminescence. We
found that the Eu-TTA-PDA-Gall complex in a feed ratio (1:3:1:1) in aqueous buffer delivers a
high luminescence emission that is dependent on pH over up to 8 orders of magnitude from pH 2—
10 in aqueous solution. This is a unique pH response for a single indicator molecule. It was
therefore embedded into a suitable polymeric membrane made from cellulose acetate (CA) in DMF
in order to obtain pH sensor membranes. We found a reversible response of the emission intensity
of the sensor membranes over a wide range of pH 2-pH 7 over 5 orders of magnitude within several
minutes. Moreover, the first high-throughput pH sensor microtiterplate based on this indicator
showed a dynamic range from pH 2—8 over 6 orders of magnitude and is suitable for up to 24 h of

continuous use. The emission drop of the sensor membranes and of the microplate at high pH and
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the response time were improved by using thinner sensor foils of 30 pm instead of 60 um. A

response time down to 300 s was a chieved.

Further, we show a simpler lanthanide complex with only two different ligands having various pK,s
attached to the Eu®” ion. This yields a pH indicator with the widest detection range obtained from
with single molecule, so far. We attached 2-thenoyl trifluoroacetone as deprotonable antenna ligand
and pyridine-2,6-dicarboxylic acid as bidentate aromatic ligand. A Eu-TTA-PDA complex feed
ratio of 1:3:2 shows a wide-range luminescence response from pH 2-10. Embedding the indicator
into a cellulose acetate polymeric membrane on a Mylar support yields a sensor membrane with a
working range from pH 2-8. This detection range in a sensor membrane is one pH unit wider than
described for the earlier complex. For high-throughput applications the sensor microtiterplate
showed the same wide working range of pH 2-8 and operational stability over one day. The sensor
microplate proved its applicability to various real samples (river waters, urine and others) with no

pre-treatment by delivering pH values close to those acquired with a pH electrode as reference.

The advantage of the use of lanthanide complex indicators with ligands that have various pKas is
that only one excitation and detection wavelength are required for detection of pH, unlike in other
work where dye mixtures often require several excitation and emission readouts. This lower
instrumental demand facilitates the pH readout and sensor integration into miniaturized devices. A
further advantage is that the synthetic effort to obtain various ligands is much less compared to the
many synthesis steps required to prepare several derivatives of the same class of dyes (to retain
excitation and emission wavelengths) for multi-indicator sensors. Therefore, this multi-pK,-ligands-
design scheme for pH indicators can open a gate for new luminescent wide-range optical pH
indicators and sensors to widen the the sensing range of pH ever further towards pHs of either O or
14. However, this entails the challenge to find ligands with appropriate pK,s that complex strongly

enough to prevent dissociation at extreme pH.
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Fabrication and use of new sensors and sensor microplates for ions in high throughput screening to
monitor cell growth, cell status and cell toxicity could not be peformed any more due to time

constraints.
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5.2 Zusammenfassung auf Deutsch

Ziel der Arbeit was es, neue kostenglinstige optische lumineszante-pH-Sensormembranen
und eine Sensor-Mikrotiterplatte mit Lanthanoidkomplexen zur kontinuierlichen Quantifizierung
des pH-Wertes iiber einen weiten Bereich zu entwickeln. Diese Sensoren sollen die typischen
Nachteile klassischer optischer Indikatorfarbstoffe mit einem dynamischen Bereich von bis zu 3
pH-Einheiten (aufgrund des Massenwirkungsgesetzes) und elektrochemischen Sensoren
iiberwinden, die nicht auf pm-Gréfe miniaturisiert werden kdnnen oder die lumineszenzauslesung
iiber groBere Flachen ermoglichen (z.B. in der Zellkultur). Wir haben daher ein neues
Designkonzept fiir Indikatoren und Sensoren mit weitem pH-Bereich eingefiihrt, welches
Lanthanoidkomplexe mit Liganden mit verschiedenen pKs-Werten verwendet. Dadurch wird ein

breiterer pH-Bereich zugénglich.

Zunichst haben wir Europiumionen mit drei verschiedenen Liganden mit verschiedenen pKjs-
Werten zu einem Indikator komplexiert. Diese Liganden sind Gallussdure (Gall), eine
Trihydroxybenzoesiure, die iiber die Carbonsduregruppen stark an Eu’-Ionen koordinieren kann
und pKs; = 4,5 und pKs, = 10 aufweist. Pyridin-2,6-dicarbonséure (PDA) ist der zweite Ligand und
verfiigt iber pKs; = 2,16 und pKs; = 2,8. 2-Thenoyltrifluoraceton (TTA) mit einem pKs-Wert von
5,61 ist der dritte Ligand, der an Eu'*-Tonen koordiniert ist. TTA ist ein Antennenligand, der
Anregungslicht einfingt und es effizient zu Eu’" iibertrigt, wodurch eine starke Lumineszenz
induziert wird. Wir haben herausgefunden, dass der Eu-TTA-PDA-Gall-Komplex in einem
ligendenerhéltnis (1:3:1:1) in wéssrigem Puffer eine hohe Lumineszenzemission liefert, die in
wissriger Losung fiir bis zu 8 Groflenordnungen eine pH-Abhéngigkeit zwischen pH 2-10 besitzt.
Dies ist ein einzigartigen pH-bereich fiir ein einzelnes Indikatormolekiil. Es wurde daher in eine
geeignete polymere Membran aus Celluloseacetat (CA) in DMF eingebettet, um pH-
Sensormembranen zu generieren. Wir erhielten ein reversibles Signal der Emissionsintensitit der

Sensormembranen iiber einen weiten Bereich von pH 2-pH 7 iiber 5 Grofenordnungen innerhalb

117



von einigen Minuten. Dariiber hinaus zeigte die erste Hochdurchsatz-pH-Sensor-Mikrotiterplatte
auf Basis dieses Indikators einen dynamischen Bereich von pH 2-8 iiber 6 Grof3enordnungen und ist
fiir bis zu 24 h Dauereinsatz geeignet. Der Emissionsabfall der Sensormembranen und der
Mikroplatte bei hohem pH-Wert und die Ansprechzeit wurden durch Verwendung diinnerer
Sensorfolien von 30 um anstelle von 60 pm verbessert. Eine Ansprechzeit von bis zu 300 s wurde
erreicht. Ferner Zeigen wir einen einfacheren Lanthanoidkomplex mit nur zwei verschiedenen
Liganden, die verschiedene pK¢-werte besitzen und an das Eu’"-Ion gebunden wurden. Dies ergibt
einen pH-Indikator mit dem groBten Detektionsbereich, der bisher mit einem einzelnen Molekiil
erzielt wurde. Wir haben 2-Thenoyltrifluoraceton als deprotonierbaren Antennenliganden und
Pyridin-2,6-dicarbonséure als zweizéhnigen aromatischen Liganden gebunden. Ein Eu-TTA-PDA-
Komplex-ligendenverhéltnis von 1:3:2 wies eine Lumineszenzreaktion mit einem breiten Bereich
von pH 2-10 auf. Die Einbettung des Indikators in eine Celluloseacetat-Polymermembran auf einem
Mylar-Tréager ergibt eine Sensormembran mit einem Arbeitsbereich von pH 2-8. Dieser
Detektionsbereich in einer Sensormembran ist um eine pH-breiter weiter als fiir den fritheren
Komplex beschrieben. Fiir Hochdurchsatzanwendungen zeigte die Sensor-Mikrotiterplatte den
gleichen breiten Arbeitsbereich von pH 2-8 und eine Betriebsstabilitit iiber einen Tag. Die Sensor-
Mikrotiterplatte hat ihre Anwendbarkeit fur verschiedene reale Proben (Flusswasser, Urin und
andere) ohne Vorbehandlung bewiesen, indem pH-Werte geliefert wurden, die denen nahekommen,
die mit einer pH-Elektrode als Referenz gemessen wurden.
Der Vorteil der Verwendung von Lanthanoidkomplexindikatoren mit Liganden, die verschiedene
pKs- werte aufweisen, besteht darin, dass nur eine Anregungs- und Detektionswellenldnge fiir die
Detektion des pH-Wertes erforderlich ist (im Gegensatz zu anderen Verdffentlichungen, bei denen
Farbstoffmischungen oft mehrere Anregungs- und Emissionsausgaben erfordern). Diese geringeren
instrumentellen. Anforderungen erleichtert die pH-Auslesung und Sensorintegration in
miniaturisierte Gerdte. Ein weiterer Vorteil besteht darin, dass der synthetische Aufwand, um

verschiedene Liganden zu erhalten, im Vergleich zu den vielen Syntheseschritten, die zur
118



Herstellung mehrerer Derivate der gleichen Farbstoffklasse (um die Anregungs- und
Emissionswellenldngen beizubehalten) fiir Mehrfachindikator-Sensoren nétig sind, viel geringer ist.
Daher kann dieses Multi-pK-Liganden-Design-Schema fiir pH-Indikatoren einen Zugang zu neuen
lumineszierenden optische Weitbereichs-pH-Indikatoren und -Sensoren Offnen, um den
Erfassungsbereich des pH immer weiter in Richtung pH-Werten von entweder 0 oder 14 zu
erweitern. Dies bringt jedoch die Herausforderung mit sich, Liganden mit geeigneten pKy —werten

zu finden, die stark genug komplexieren, um eine Dissoziation bei extremem pH zu verhindern.

Die Herstellung und Verwendung neuer Sensoren und Sensor-Mikroplatten fiir Ionen im
Hochdurchsatz-Screening zur Uberwachung des Zellwachstums, des Zellstatus und der Zelltoxizitit

konnte aufgrund von Zeitbeschrankungen nicht mehr durchgefiihrt werden.
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