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ARTICLE INFO ABSTRACT

Keywords: To overcome the limitations of optical pH sensors, the response of which is just ca. one pH unit around the pK,
PH sensor value of the indicator dye and capitalize on the advantages of red-luminescent Ru(II) complexes for optical
Luminescence

sensing, multi-pK, members of this family are proposed. Bipyridine ligands bearing protonatable groups (amines
and carboxylates) are the basis to design and prepare the indicator dyes. Their photophysical properties and
response to pH changes were investigated in the pH 3.5 — 9.0 range. The complex [Ru(DCB);DEAMB], where
DCB and DEAMB stand for 2,2’-bipyridine-4,4’-dicarboxylate and 4,4’-(N,N-diethylaminomethyl)-2,2’-bipyr-
idine, respectively, shows a reversible monotonic change of its emission wavelength maximum (648 — 634 nm),
luminescence intensity (1.40x) and lifetime (335 — 429 ns) in solution with increasing pH. This complex and two
similar ones were covalently tethered to commercial TentaGel® M Br polymer microbeads for luminescence
phase shift fiberoptic pH measurements. The immobilized [Ru(DCB),DEAMB] displays the widest pH sensitivity
over pH 3.5 to pH 8.5. The stability of this sensor was satisfactory when cycling between pH 3.5 and 8.5 for five
days as well as under a three-day cycle between each pH unit. Changes of the buffer type, buffer concentration
and osmolarity did not significantly influence the sensor response; however, large variations of dissolved oxygen
and, naturally, temperature would require correction by the corresponding sensors. The novel, robust lumi-
nescent pH sensor has been tested in phase-sensitive mode for cell cultures monitoring in commercial bio-
reactors, but its response would also be suitable for in situ monitoring of natural waters.

Emission lifetime

Phase-sensitive detection
Ruthenium polypyridyl complexes
Fermentation monitoring

1. Introduction For selected applications, optical-based pH sensors (also known as

pH optodes) have gained popularity [4-6]. Using the working principle

For a streamlined process in a bioreactor, the monitoring of different
biological, chemical and physical parameters is paramount. To this end,
different sensors are deployed and measured in-line for precise readings
[1]. Among these parameters, pH is an essential one and to measure it,
the pH glass electrode is chosen so far because of its wide response (pH
0 - 13), accuracy (+ 0.01 pH units), precision, and response time.
Despite their evident usefulness, glass electrodes are fragile, difficult to
miniaturize, expensive, and subject to rapid biofouling, contamination,
and interferences from external equipment. All these effects can result in
significant signal drift that requires frequent maintenance for the
required sensor performance in cell culture monitoring [2,3].
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of colorimetric or fluorometric changes, such sensors are immune to
electrical interference, can be miniaturized at low cost and are robust in
hostile environments. While absorption or luminescence intensity-based
sensors can be subject to non-specific changes due to excitation light
fluctuations, detector drift or indicator dye leaching, emission
lifetime-based sensors are self-referenced and therefore immune to most
environmental effects. In addition, lifetime measurements can be con-
ducted using phase-sensitive detection of the luminescence, thereby
simplifying the complexity of the final measurement device, lowering
manufacturing costs, and ultimately increasing the attractiveness of
optical sensors based on luminescence lifetime measurement, as
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evidenced with the success of luminescent sensors for dissolved oxygen
in water [7-9].

Despite all of the above advantages, typical indicator-based optical
pH sensors are able to operate only within 1 — 1.5 pH units around their
(ground or excited state) pK, value, i.e. the region where they exhibit
enough sensitivity [4]. To extend the measurement range, two different
approaches can be used. The first one is to mix different indicator dyes
with overlapping sensitivity ranges and a uniform response to pH
changes [10-12]. However, since multi-dye sensors are based on
absorbance or luminescence intensity measurements, they are subject to
the limitations mentioned above. The second way to achieve an optical
pH sensor with extended sensing range is to use a single indicator dye
with multiple pK, values, yet the known ones are also based on lumi-
nescence intensity measurements [13-15].

Dyes based on Ru(Il) polyazaheteroaromatic complexes may be
particularly suitable to this approach due to the possibility of ligand
engineering to achieve tunable photophysical properties [16,17].
Furthermore, the large Stokes shift and satisfactory luminescence
(quantum yield and lifetime) facilitate the design of sensing devices, and
their excellent photochemical and thermal stability ensures the
long-term use of sensors based on these indicator dyes. Acidity/pH
sensors containing Ru(Il) dyes reported so far utilize moieties such as
carboxy, sulfonic, hydroxy, amine, pyridine or pyrazine on the poly-
pyridyl ligands as the pH sensitive features [1,17-29].

However, it should be noted that not all ruthenium polypyridyl
complexes are genuine pH indicator dyes. Orellana and co-workers have
demonstrated that although most of those complexes show changes in
their luminescence lifetime with pH, the variations are dependent on the
buffer and its concentration used to set the pH value [19]. In that case,
the response to acidity changes is due to competitive irreversible proton
transfer to/from the luminescent triplet metal-to-ligand charge transfer
(®MLCT) excited state. In other words, a chemical equilibrium is not
established within the lifetime of the protonated and deprotonated
photoexcited indicator dye [30]. Such photoinduced proton transfer
prevents the use of those pH-responsive ruthenium complexes as pH
indicator dyes and restricts their use to acidic or alkaline gas monitoring
(e.g. COo, NHs...) [31,32] where the acidity/basicity of the internal
indicator layer is carefully controlled [33].

In this work, a new family of heteroleptic ruthenium polypyridyl
complexes has been designed and synthesized to be employed as wide
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range luminescent pH sensors for intensity and lifetime measurements.
Starting with the 2,2"-bipyridine-4,4"-dicarboxylic acid (DCB) ligand and
the corresponding bis-chelate complex Ru(DCB),Cl,, complexes with
various 4,4’-bis(aminomethyl)-2,2’-bipyridines have been obtained and
their photophysical properties between pH 3.5 and 8.5 measured. The
dependency on different buffers and their concentrations was evaluated
to verify their applicability as true pH indicator dyes. The dyes are
covalently immobilized on a solid polymer support and their charac-
terization was performed to assess the effect of the solid support. Finally,
the application of the widest range luminescent pH sensor to bioprocess
monitoring using phase-sensitive measurement is shown [34].

2. Experimental section
2.1. Synthesis of the complexes

A scheme of the syntheses and structures of the target ligands and
complexes is depicted in Fig. 1. Instrumentation, reagents, solvents, as
well as full synthetic procedures are detailed in the Supporting
Information.

2.2. Immobilization on the polymer support

Brominated cellulose has been prepared according to the literature
[35] while the 10 um brominated polymer beads (TentaGel® M-Br,
abbreviated TGMB, capacity of 0.28 mmol g™!) were purchased from
Rapp Polymere (Tiibingen, Germany). Briefly, cellulose is converted to
allyl cellulose by refluxing powdered cellulose with allyl chloride before
resuspending the cellulose in EtOH or water and adding dibromine.

An abbreviated procedure for covalent immobilization of the ami-
nated indicator dye onto a brominated polymeric support is shown here
while the detailed description is given in the SI. First, the brominated
support is weighed into an Eppendorf tube and, together with an
aqueous solution of the Ru(II) dye, the suspension is heated in an oven.
Afterwards, the excess liquid is removed via centrifugation and washed
until the supernatant becomes colorless. Then, a high pH buffer solution
is added to the colored beads and the Eppendorf tube is placed again in
the oven before the excess liquid is removed in the same way as before.
The dyed beads are then dried and stored in the dark until use.
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Fig. 1. A general scheme of the syntheses and structure of the prepared ligands and complexes. KNPhth: potassium phthalimide; DMF: N,N-dimethyl formamide;

anh.: anhydrous.
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2.3. Fabrication of pH sensor spots

Appropriate amounts of Polidisp® 2731 acrylic aqueous emulsion
(Resiquimica, S.A., Porto, Portugal) and purified water (1:9 v/v) are
thoroughly mixed. A 5 uL drop of the mixture is spread as a ca. 4 mm
circle on 175 um thick Mylar® (Goodfellow, USA) film and allowed to
dry for 30 min at room temperature. Then, 10-20 pL of the dyed wet
beads are mixed with 5 vol of purified water and vortexed. A 3 pL drop
of the diluted dyed beads suspension is deposited, spread in an
approximately 3 mm circle over the Polidisp adhesive and allowed to
dry for 30 min at room temperature. A 4 mm disk filter (100 pym thick,
0.45 um pore) of hydrophilic white polycarbonate film (Pall PolyPro
GH, ref. 66340, New York, USA) is placed over the pH sensor spot as an
opacifying layer. Finally, 5 mm disks are cut from the pH-sensitive spots
to attach them to the corresponding sensor terminal (common end of the
bifurcated optical fiber or inside the plastic bioreactor).

2.4. Preparation of buffer solutions

All buffer solutions (citrate, acetate, phosphate, bis-tris and borate)
are either prepared by weighing a precise ratio of the acid and base
forms of the buffer system or by mixing equimolar solutions of the acid
and conjugate base of each buffer system. This ratio is calculated using
the Henderson-Hasselbalch equation. A 200 mM concentration of KCl
was also added to reproduce the conditions within bioreactors.

2.5. pH monitoring in a bioreactor

For the experiments in the test benchtop bioreactor, the ambr® 250
(TAP Biosystems, Royston, UK, currently Sartorius Stedium TAP) plastic
culture vessel is used. The pH sensor spot is glued with a proprietary
adhesive to the bottom of the vessel to be illuminated from the outside
with the 525 nm LED of the optoelectronic unit through an optical fiber
(see Supporting Information). Prior to any yeast culture experiment, the
vessel is rinsed with 30 % H505 solution for sterilization and washed
three times with water. Then, the vessel is placed into the ambr® 250
platform with the pH spot aligned to the optical fiber. A store-bought
yeast in yeast extract peptone dextrose (YPD) media is placed inside
and heated to 30 °C while an anaerobic environment is maintained
throughout the run with Ny gas.

3. Results and discussion
3.1. Selection of the ligands

As stated above, most pH indicator dyes based on Ru(II) complexes
cannot be used as true indicator dyes owing to their dependency on the
type and concentration of the buffer species used in the laboratory to
achieve the desired pH value [19]. After careful study of the different
pH-sensitive heterocyclic chelating ligands described so far, our selec-
tion was based on complementary pK, values and their probability of
being precursors of excited state acid-base equilibrium indicator dyes.

The DCB ligand was selected to provide the required sensitivity in the
acidic region [36]. Nazeeruddin and Kalyanasundaram investigated
heteroleptic Ru(II) complexes of bipyridine and DCB ligands with
different substitution patterns in terms of their electronic state varia-
tions upon the pH changes [37]. According to their studies, the DCB
ligand confers pH sensitivity to the complexes in both their absorption
and luminescence based on the amount of DCB ligands introduced in the
coordination sphere.

Regarding the sensitivity in the alkaline region, the aminomethyl
group on the bipyridine ligand was chosen. Several authors have shown
that heteroleptic complexes with 4,4’-N,N-diethylaminomethyl-2,2’-
bipyridine (DEAMB) ligand and bipyridine (BPY) or diphenyl phenan-
throline display a pK, ~ 7.5 [38,39]. To take advantage of the effect of
the degree and type of alkylation of the amine moiety on its sensitivity to
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pH, primary, secondary, and tertiary aminomethyl groups were tested
while asymmetric ligands were not considered due to their more difficult
synthesis and purification processes. Furthermore, care must be taken
when the complexes with DCB or aminated bipyridine ligands are used
in the synthesis as some sodium hydroxide has to be added to avoid
ligand exchange and incomplete formation of the product.

3.2. Photophysical properties of the complexes

Heteroleptic [Ru(DCB);L] complexes, where L is 4,4-N,N-dieth-
ylaminomethyl-2,2-bipyridine (DEAMB), 4,4-N-butylaminomethyl-
2,2-bipyridine (BAMB) or 4,4-aminomethyl-2,2"-bipyridine (AMB) were
synthesized. For the sake of comparison, [Ru(BPY)zDEAMB]4+ and the
homoleptic complexes with DCB and DEAMB ligands were also syn-
thesized. Overall charges of the discussed Ru(II) complexes are referred
to their charges in pH 7 solutions ( Fig. 2).

The absorption and emission spectra of all these complexes were
measured at pH 3.5 and 8.5 in 50 mmol L' phosphate containing
200 mmol L' KCl, because these values represent the edges of the re-
gion of interest for the sought applications. The wavelength of the
luminescence maximum and lifetime of each complex at low and high
pH is shown in Table 1 while the full absorption and emission spectra of
the complexes at pH 8.5 are shown in Fig. 2a. The Ru(II) dyes exhibit a
broad band in the visible region (460 + 15 nm) due to the d-n* transi-
tion to the 'MLCT (metal-to-ligand charge transfer) excited state [16].
The bright orange-red emission around 650 nm and the long lumines-
cence lifetime (> 200 ns) are also characteristic of the family of Ru(II)
polypyridyl complexes.

Not surprisingly, the indicator dyes exhibit different luminescent
features in acidic and basic solutions. Shorter emission lifetimes and
lower intensities are observed in the former, accompanied by a bath-
ochromic shift of the luminescence band. This may be explained by the
energy gap rule, since the excited state of the acidic form of the com-
plexes is more stable than that of the basic form, lowering the energy
difference between the ground and excited states.

However, the homoleptic complex [Ru(DEAMB)3 does not show
the same behavior as all the other complexes. Instead of having a longer
lifetime in alkaline media, it exhibits a shorter lifetime therein. To
investigate this anomaly further, lifetime measurements were performed
to see how the homoleptic and heteroleptic complexes behave within the
pH range (Fig. 2b).

]8+

3.3. Effect of pH

The development of a wide range pH sensor requires a monotonic
change of the emission lifetime within the sought range. Therefore, the
emission lifetimes of the complexes were measured in the 3.5-8.5 pH
range, set with 50 mmol L' phosphate buffer with 200 mmol L-! KCl.
Fig. 2b shows that only three of the synthesized complexes display such
behavior, namely [Ru(DCB)3]4‘, [Ru(BPY),DEAMB]** and [Ru
(DCB)>DEAMB]. The observed plateau of the lifetime value of [Ru
(DCB)3]* above pH 7 indicates that the fully deprotonated complex is
formed. Protonation occurs upon decreasing pH, which leads to a
shorter excited state lifetime due to the significant differences in the
electronic features of DCBH, (CO2H is a strong electron withdrawing
substituent) vs. DCB (CO; is neither a withdrawing nor donating sub-
stituent) [40]. On the other hand, [Ru(BPY)zDEAMB]4+ shows a
monotonic lifetime increase only above pH 6.5 because it only contains
basic ~-CHyNRy moieties, with its behavior in agreement with a previous
report [39]. The [Ru(DCB);DEAMB] indicator dye combines the
behavior of both substituents and displays the sought monotonic vari-
ation of the luminescence lifetime between pH 4.0 and 8.5 (see below).

Replacement of the DEAMB ligand (a tertiary amine) with either
AMB or BAMB, containing primary or secondary amino groups,
respectively, does not increase the pH sensitivity range. Rather, these
changes bring down the range where the lifetime changes are monotonic
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Fig. 2. [Ru(DCB)3]* (— [l —), [Ru(DEAMB)3]®" (— @ —), [Ru(BPY),DEAMB]** (—

pH

pH

A —), [Ru(DCB),DEAMB] (— 4 —), [Ru(DCB);BAMB] (—®—), [Ru

(DCB),AMB] (— @ —); a) Normalized absorption (=) and emission (== =) spectra recorded for the seven different complexes in 50 mmol L* pH 8.5 phosphate
buffer containing 200 mmol L™ KCl, emission collected using Aex = 465 nm. b) Luminescence lifetime of different complexes, measured in 50 mmol L™ phosphate
buffer containing 200 mmol L KCl at different pH values under ambient conditions. ¢) Absorption spectrum of [Ru(DCB),DEAMB] in 50 mmol L™ phosphate buffer

containing 200 mmol L™ KCI as a function of pH. d) Changes of the relative absorbance at 297 nm (— [l —), 335 nm (— @® —) and 462 nm (—

A—)asa

function of pH (the chosen maxima are depicted as dotted lines in Fig. 2c), and changes of the wavelength of the band maxima as a function of pH of [Ru
(DCB),DEAMB] in the UV (— @—) and blue (— @®—) region. e) Phase shift measurement of three complexes after immobilization on the commercially available
solid support TentaGel® M-Br (TGMB). f) Phase shift measurement of three aminated complexes after immobilization on brominated cellulose. Uncertainty bars are

calculated for n = 3.

Table 1
Parameters of the luminescence of the different Ru(Il) dyes in 50 mmol L
phosphate buffer solutions containing 200 mmol L™ KCl at (296 + 2) K.*

Indicator dye Amax / M v / DS
pH 3.63 pH9.11 pH 3.63 pH 9.50

[Ru(DCB),DEAMB] 648 641 335 428
[Ru(DCB),BAMB] 648 637 341 407
[Ru(DCB),AMB] 642 643 324 427"
[Ru(BPY),DEAMB]** 658 628 233 368
[Ru(DCB)3]* 658 629 279¢ 455
[Ru(DEAMB)3]%* 629 640° 412 276

? The uncertainty values are & 2 nm for the spectral maxima, 2 % for the
emission lifetimes extracted from the best fit to biexponential functions (I (t) =
Ao + ZB; exp(-t/1;)). Preexponential weighted lifetimes (t)y = Z1;Bi/ZB;) have
been measured in air.

b pH=6.5

¢ The lifetime is 535 ns in Hammett acidity —1.06 (20 % H,SO4 by weight in
water).

dpH="75

(Fig. 2b), probably due to the lower basicity of the corresponding
complexes. The homoleptic [Ru(DEAMB)3]®* complex shows a longer
lifetime in acidic medium (Table 1) as a consequence of the electron
withdrawing character of the protonated methyl-N,N-diethylamino
groups (+0.43 vs +0.01 for the -CHyoNMey, the only available values)
[40]. Actually, full protonation of [Ru(DCB)3]4‘ in strongly acidic me-
dium also increases the lifetime of the deprotonated species (Table 1
footnote) due to the substituents effect (see above).

In an attempt to determine the individual ionization constants of the
[Ru(DCB),DEAMB] indicator dye, we measured the absorption spectra
of the dye as a function of pH in phosphate buffer (Fig. 2c-d). Unfortu-
nately, the spectra show very small variations of the absorbance with the
pH changes. Furthermore, these changes and the wavelength shift of the
spectral maxima are monotonous, and no plateaus are observed, thus
preventing any calculation or estimation of the indicator ionization
constants in the investigated range. We performed an analogous plot for
the luminescence spectra (Fig. S1b-c in Supporting Information) with
similar results.

3.4. Immobilization on polymer supports

In order to use the indicator dyes as luminescent pH sensors, they
must be immobilized on a solid support, either covalently, electrostati-
cally, or by simple inclusion into a matrix. While the use of a positively
or negatively charged support for electrostatic immobilization would
simplify fabrication, the additional solution ionic strength and the
variation of the indicator overall charge with pH (see above) would
wash out the dye from the support. Another option would be to incor-
porate the dye into a sol-gel matrix, a hydrogel, or other porous
matrices, as it has been done for many other optical pH sensors [26,
41-44]. However, due to the high solubility of our complexes in water
and the potential use of the sensors in bioprocess monitoring and wa-
tercourses, we decided to carry out a covalent attachment to the support
to realize a robust immobilization of the indicator dye.

To that end, two different supports were chosen: brominated cellu-
lose powder, and spherical beads consisting of a crosslinked poly(sty-
rene) core and grafted o-bromopoly(ethylene glycol) chains. Cellulose
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was chosen for its water compatibility and its film-forming features,
while the TGMB beads were chosen for its compatibility with all sol-
vents, fast diffusion rate of waterborne species, and high degree of
functionalization.

The selected indicator dyes for immobilization were the three het-
eroleptic complexes with varying degree of substitution on the amino-
methyl moieties. The dyes were immobilized on the solid support by
nucleophilic substitution of the terminal bromine atom, as shown
schematically in Fig. 3a. Although the tertiary amine of the DEAMB
ligand is a poor nucleophile, the excess of primary halide (around 20-
fold) from the solid support and harsh conditions of the reaction (80
°C for 24 h) should drive this reaction. After the covalent attachment,
the solid support was heated in pH 11.5 phosphate buffer to remove
ethylene from the DEAMB ligand in a Hofmann elimination. In this way,
its pH sensitivity is restored by converting the immobilized quaternary
alkylammonium back to a tertiary amine. In addition, the hydroxide
ions convert any unreacted bromine into pH insensitive end groups
(Fig. 3b and Supporting Information Fig. S2).

The pH sensitivity of the immobilized dyes in suspension was tested
by measuring their luminescence lifetime as a function of pH in the 3.5 -
8.5 range before and after the final alkaline treatment (Supporting In-
formation Figs. S3-4). Unlike the TGMB-immobilized complexes, the
lifetime data of the cellulose-supported dyes show that the full pH
sensitivity is not recovered until the final elimination step has been
carried out. Nevertheless, the dyed cellulose powder performs less
satisfactorily than the TGMB beads, probably due to the higher mobility
of the grafted poly(ethylene glycol) chains at the distal end of which the
attached amino group is placed compared to the brominated cellulose
structure. Moreover, the response time of the TGMB-immobilized dyes is
shorter than 4 s (Supporting Information Fig. S6).

Out of the three investigated complexes, the tertiary amine-
substituted complex, namely [Ru(DCB);DEAMB]/TGMB, showed the
best pH sensitivity in the range of interest, as seen in Fig. 2e. Therefore,
this combination of dye and support was selected for further

a) Ru(DCB),DEAMB
“0,C

H,O
80°C,24h
Polymer support
b)
“OH OH"
80°C,24h

Br
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characterization.

3.5. pH response of the luminescent sensor

The selected beads were stuck to a PET window with the help of
water-permeable acrylic glue (Fig. 3c-d). Then a thin, white, hydrophilic
polycarbonate membrane was placed on top as a protective and reflec-
tive layer (see Supporting Information Fig. S7). The response function
and the calibration curve of the sensor spots were determined (n = 7,
Fig. 4a-b). Based on the response function in Fig. 4a, the average
response time (tgp) is found to be ~12 min when the pH rises, and
~30 min when the pH decreases. Using our phase-sensitive optoelec-
tronic interrogators [45], the sensitive spots show a dynamic range of
5 pH units (3.5 - 8.5) with a precision of + 0.05 at pH 4.5 and pH 6.5,
and + 0.15 at pH 8.5 over 5 days (n = 7). Compared with other lumi-
nescent sensors that respond over a similar range [46-49], our sensor
precision is on par or only slightly worse than those published in recent
years (0.02 — 0.10 pH units). However, our sensor response times are
longer than those reported (typically < 3 min). The rather long response
times of our pH sensor are due to the 0.45 pm pore size overcoat poly-
carbonate membrane; additionally, the buffer addition and mixing times
in the flow-through cell used for testing purposes might add to the sensor
response time. In fact, removal of the overcoat or using the sensor in the
wand-type mode reduces the response time to 30 and 180 s, respectively
(Supporting Information Fig. S8). Nevertheless, the white overcoat
produces a more efficient illumination of the supported pH indicator,
yielding a higher s/n ratio.

Like all ruthenium polypyridyl complexes, the pH sensor is also
sensitive to O (Fig. 4c-d). Therefore, if the sensor application involves a
large variation in the O, levels, the response should be corrected for all
pH values. A similar real-time correction has been demonstrated for a
luminescent Ru(Il)-based sensor for ammonia monitoring [32].

The operational stability of the pH sensor was tested over 5 days
upon pH 3.5/8.5 step changes (Fig. 4e) and was found to be better than

20 um

Fig. 3. a) Scheme of the covalent attachment of the selected indicator dye to the o-brominated polymer beads (not to scale). b) Scheme of the suggested Hofmann
elimination for improving the long-term stability of the dyed beads. ¢) Brightfield micrograph of [Ru(DCB)>,DEAMB]/TGMB glued to Mylar, without opacifier. d)

Fluorescence micrograph of DEAMB/TGMB under the microscope; Aex = 463 nm.
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Fig. 4. a) Response function (pH 3.5-8.5 and back with intermediate steps of 1 pH unit in 50 mmol L' phosphate buffer with 200 mmol L-* KCl) of the [Ru
(DCB),DEAMB]/TGMB luminescent pH sensor at 25 °C, excited with a modulation frequency of 156 kHz. b) Calibration plot of the pH sensor from the data in Fig. 4a.
Uncertainty bars are calculated for n = 7 (replicate measurements with the same sensor spot). ¢) Response function of the pH sensor to dissolved oxygen (as 0>% in a
mixture with N») in pH 4.5 50 mmol L-! phosphate buffer with 200 mmol L-! KCl. d) Plot of pH sensor response to dissolved oxygen from the data in Fig. 4c. e)
Stability of the pH sensor in air-equilibrated 50 mmol L™! phosphate buffer with 200 mmol L™! KCl at 25 °C. f) Temperature calibration of the dyed TGMB beads at 5,

15, 25 and 30 °C in the pH range 3.5 — 8.5 in aerated buffer solutions.

1 %. After storing the dry sensor spots in the dark at room temperature
for six months, they provided the same response to pH variations. The
sensor was also tested for its temperature effect (Fig. 4f). This effect
mostly arises from the influence of the temperature on the excited state
deactivation rate to the upper-lying non-emissive triplet metal-centered
state from the luminescent 3MLCT state of the Ru(II) complex [50].

3.6. Buffer type, concentration and ionic strength dependency

In order to confirm that the luminescent [Ru(DCB)>,DEAMB] com-
plex is a true pH indicator dye, as discussed above, several tests with
phosphate, citrate, borate, bis-tris and acetate buffers at various con-
centrations were performed (Fig. 5 and Supporting Information

*[Ru(DCBH,)(DCBH,)(DEAMBH,)]* <~——— *[Ru(DCB)(DCBH,)(DEAMBH,)J*

\ 486 ns

‘ 321 ns
Y
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/ N / N

HO,C + HO,C
o

NH
)

[Ru(DCB)(DCBH,)(DEAMBH,)]*

Fig. S10). The novel pH probe is not influenced by the nature of the
buffer used to set the solution pH within the tested 3.5-9.5 range.
Therefore, irreversible proton transfer quenching from the buffer is not
involved in the deactivation of the excited state in that pH range [19,51,
52].

As far as the buffer concentration is concerned, no difference of the
indicator pH response was found in the investigated range. Only at
200 mmol L! phosphate the calibration curve slightly departs from the
other tested concentrations due to the known ionic strength effect on
charged indicator dyes. Luminescent intensity measurements corrobo-
rate these results (see Supporting Information Fig. S§12).

-—
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Fig. 5. Ground state equilibria and excited state proton transfer reactions that involve the [Ru(DCB),DEAMB] indicator dye in 50 mmol L' phosphate buffer

containing 200 mmol L~! KCl as a function of pH.
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3.7. Luminescence lifetime as a function of pH

Due to the inability to determine the pK, of the indicator dye from
absorption and steady-state emission data, we analyzed the lumines-
cence decays as a function of pH. Table 2 gathers the kinetic parameters
extracted from the best fit with the least number of exponential func-
tions to achieve a y?> < 1.20. The percentages of the components
represent the relative contribution of each species to the overall
emission.

The emission measured at pH 10.3 follows a single-exponential
decay (t; = 408 ns), corresponding to the emission of the fully depro-
tonated *[Ru(DCB?-),DEAMB]? complex. Excited state proton transfer
to this species or excited state equilibrium cannot occur as the concen-
tration of Bronsted acids in the solution (H3O" and protonated buffer or
HB) at this pH value is negligible. As we lower the solution pH, the
luminescent decay remains single exponential down to pH 8.0 (12 =
429 ns), even though the ground state protonation of the amine groups
is progressively occurring. The two lifetimes are significantly different
from each other (Table 2); therefore, the latter must correspond to the *
[Ru(DCBZ‘)ZDEAMBH%+]O. Even though the lifetime values are
different, the biexponential analysis is not able to resolve them because
they are within 5 % of each other.

Below pH 8.0, we need an increasing contribution of a second
exponential of a shorter lifetime to achieve successful fits of the lumi-
nescence decays. We have been able to use a global analysis of the de-
cays from pH 7.5 to pH 4.0 to determine the individual lifetimes of the
biexponential function (t2 = 428 ns; 13 = 321 ns; Xz = 1.247). The
shorter one should correspond to the * [Ru(DCB?")(DCBH)
DEAMBH3 %" indicator dye. The appearance of a double exponential
indicates the lack of an excited state equilibrium; otherwise, we should
observe a single exponential decay where the measured T would be the
weighted average of the lifetimes of the excited acid/base species
[53,54]. Therefore, we have to conclude that the ground state equilib-
rium determines the relative contribution of the photoexcited acid/base
forms, which do not interconvert within their lifetimes [19]. Further-
more, we have assumed so far that double (de)protonation takes place at
every step as there is no evidence of intermediate inflection points [37,
55]. Regarding the successive protonation of the DCB ligands, we have
followed Nazeeruddin and Kalyanasundaram’s studies on [Ru
(DCB)2BPY] which suggest that stepwise protonation of the
Ru-coordinated DCB moieties occurs first on one ligand [37].

At pH 3.5, the decay remains biexponential but while 73 is still valid,
we need to introduce a longer lifetime (t4 = 486 ns) to get an acceptable
fit. This is further confirmed by the luminescence decay measurement at
pH 1.6, where the fit becomes single exponential, suggesting we are in
the presence of the fully protonated photoexcited species that does not

Table 2

Fitted lifetimes of the [Ru(DCB),DEAMB] indicator dye in 50 mmol L' phos-
phate buffer containing 200 mmol L™ KCI at selected pH values with their in-
dividual contributions.”

pH 71 (ns) % 7o (nS) % 73 (ns) % T4 (nS) %

10.3 408 100

9.5 428 100

8.5 429 100

8.0 429 100

7.5 428 74 321 26

7.0 428 66 321 34

6.5 428 38 321 62

6.0 428 35 321 65

5.5 428 22 321 78

5.0 428 28 321 72

4.5 428 22 321 78

4.0 428 21 321 79

3.5 321 82 486 18
1.6 486 100

2 The ¥ of the global fit is < 1.35; the 2 of the individual fits is < 1.10.
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deprotonate within its lifetime. This is similar to the behavior observed
for the fully deprotonated indicator dye. All the changes of the prevalent
species as a function of pH discussed above are summarized in Fig. 5.

4. In situ testing of the luminescent pH sensor

The performance of the luminescent pH microsensors was tested in a
bioreactor with yeast culture with a pH electrode as a control. The
ambr® 250 is a bioreactor system for fermentation or cell culture using
single-use plastic culture vessels controlled by an automated worksta-
tion (Fig. 6b). After initial equilibration of the sensor spot in buffer
media, the yeast broth is placed into the culture vessel, which also has
sensors for dissolved oxygen (DO, luminescent), pH (amperometric) and
temperature (thermocouple) monitoring, and two cultures were
consecutively carried out (Fig. 6a). After each run, the vessel was taken
out, the culture media was removed, and the vessel rinsed with water
before placing the yeast broth again. It can be observed that the lumi-
nescent pH sensor readings closely follow the response of the pH elec-
trode (Fig. 6a insets), but the former displays a more sluggish behavior
(ca. 2 — 3 min delay). The pH sensor spot was not calibrated in situ but
the calibration from another spot of the same batch was used; therefore,
a small offset was to be expected. Further tests under different DO levels,
temperature changes or interference from fluorophores are needed to
verify the luminescent pH sensor usability under more complex situa-
tions. However, we have demonstrated that the sensor is able to meet the
requirements of a pH sensor for actual culture systems and may be a
substitute in the future for the traditional pH glass electrodes.

5. Conclusions

Thanks to the preparation of a novel family of ruthenium(II) poly-
pyridyl complexes containing multi-protonatable sites, new wide-range
pH indicator dyes for both steady-state and time-resolved luminescent
sensing have been realized. The pH sensitivity of the dyes in solution
increases when covalently attached to micrometer beads. Out of the
designed dyes, the [Ru(DCB);DEAMB] complex shows the widest pH
response (3.5 — 8.5). Despite the oxygen sensitivity, the luminescent
sensor has been successfully used to monitor cell growth in bioreactors
using the lifetime-based mode with phase shift interrogation. The
developed sensor would also be useful to replace the glass electrode in
surface water monitoring stations using the technology already
commercialized for the luminescent sensing of dissolved oxygen. In this
regard, further work is currently undertaken to test the wide-range pH
sensor in combination with a luminescent O, sensor for this in situ
application.
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