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ABSTRACT: This is the first comprehensive review on methods and materials for use in
optical sensing of pH values and on applications of such sensors. The Review starts with an
introduction that contains subsections on the definition of the pH value, a brief look back on
optical methods for sensing of pH, on the effects of ionic strength on pH values and pK,
values, on the selectivity, sensitivity, precision, dynamic ranges, and temperature dependence
of such sensors. Commonly used optical sensing schemes are covered in a next main
chapter, with subsections on methods based on absorptiometry, reflectometry,
luminescence, refractive index, surface plasmon resonance, photonic crystals, turbidity,
mechanical displacement, interferometry, and solvatochromism. This is followed by sections
on absorptiometric and luminescent molecular probes for use pH in sensors. Further large
sections cover polymeric hosts and supports, and methods for immobilization of indicator
dyes. Further and more specific sections summarize the state of the art in materials with dual
functionality (indicator and host), nanomaterials, sensors based on upconversion and 2-
photon absorption, multiparameter sensors, imaging, and sensors for extreme pH values. A
chapter on the many sensing formats has subsections on planar, fiber optic, evanescent wave, refractive index, surface plasmon
resonance and holography based sensor designs, and on distributed sensing. Another section summarizes selected applications in
areas, such as medicine, biology, oceanography, bioprocess monitoring, corrosion studies, on the use of pH sensors as transducers in
biosensors and chemical sensors, and their integration into flow-injection analyzers, microfluidic devices, and lab-on-a-chip systems.
An extra section is devoted to current challenges, with subsections on challenges of general nature and those of specific nature. A
concluding section gives an outlook on potential future trends and perspectives.
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1. INTRODUCTION, DEFINITION OF THE pH VALUE,
AND GENERAL CONSIDERATIONS

The pH value is the chemical parameter most often determined
in this world. The glass pH electrode is the gold standard and by
far the most widely used tool." Itis reliable, precise, covers a wide
pH range and is fairly fast (with exceptions). On the other hand,
the glass electrode is rather large (>1 mm id. even if
miniaturized), has a rigid design, and is sensitive to extraneous
electrical and microwave fields. Local electrical potentials also
can adversely affect the performance of pH electrodes. pH
electrodes hardly work in solutions through which an electrical
current is flowing, for instance in electrolysis cells and batteries,
and they are supposed to present a risk to patients with heart
pace makers. Glass electrodes obviously cannot be applied to
sense pH values on a nanometer scale, such as inside cells, and
not to fast imaging of the distribution of pH values over a certain
area.

Many of these problems can be overcome by optically
measuring pH values. As will be outlined in section 1.1, the
technique dates back to the time when litmus was used to
optically indicate the acidity of solutions. Eventually, pH
indicator stripe tests (with paper-immobilized pH indicators)
have become popular and still are in widespread use. Over the
years, optical sensing of pH has become precise enough to be of
practical utility not only for visual estimation of pH values but
also to perform precise measurements (down to +0.01 pH
units) so to become competitive to glass electrodes.

It comes as a surprise that there is not a single comprehensive
review available on the variety of optical sensors for measure-
ment of pH values, probably a result of the wealth of literature on
the subject. Reviews are available that cover specific aspects of
the subject. An early book on fiber optic chemical sensors and
biosensors, published in 1991, contains a section on pH sensors
that also includes the fundamentals of indicator-based pH
sensors.” The 16-page review of Wencel et al.’ covers many
essentials but obviously cannot reflect the wealth of data and
knowledge that does exist in the field. A topical review on
fluorescent probes and nanoparticles for use in intracellular
sensing of pH values has been presented in 2014 by Shi et al.,*
and another one was published in 2019 by the Wang group.” A
most informative review was presented by Shamsipur et al.’ on
fluorometric nanosensors for pH values. While limited to
fluorometry and nanoparticles (NPs), it gives a complete
account on the various kinds of NPs that have been used in the

past, from quantum dots, nanoclusters, carbonaceous dots,
upconversion NPs, frameworks, metal, silica and polymer NPs
to proteinic NPs. Other reviews cover optical pH sensors based
on swellable polymers on thin film composite optical wave-
guides for sensor applications (pH sensing included),” and the
book series edited by Dakin and Culshaw (mainly on sensors for
physical parameters) also contains a section on chemical
sensors, pH included.® A rather specific review was presented9
on the use of benzimidazole derivatives in various kind of optical
detection schemes for various analytes and parameters, such as
pH values. Both molecular benzimidazole probes and respective
nanomaterial-based detection schemes are covered. A review on
optoelectronic noses describes how arrays of chemoresponsive
colorants provide high-dimensional data from the color or
fluorescence changes of the dyes. It also describes how spot
arrays prepared from pH sensitive indicator dyes can be used to
identify both acidic and basic gases via changes in reflectance or
emission as the spots are exposed to such analytes.'” Hence, a
review that covers the complete subject and discusses the
specific features of each of the numerous approaches will
certainly be useful for those entering or being working in the
field.

It is an unfortunate situation that the rapid progress made in
optical sensor technologies has been accompanied by a rather
sloppy use of terminology, mainly by organic chemists, who
often refer to optical indicators and probes as sensors even
though their “sensor” may be a simple dye, for example. The
Cambridge definition'' of a chemical sensor is quite clear in that
respect: Chemical sensors are miniaturized devices that can deliver
real-time and online information on the presence of specific
compounds or ions in complex samples. Table 1 gives an overview
on the typical features of labels versus probes versus sensors.

Research in optical sensor technology (pH sensors included)
may be divided into three subdisciplines:

(1) Material sciences: Its main aim consists in the identification
of a material that has a strong, selective, and reversible
response to the analyte or other parameter of interest.
Such materials may consist of indicator dyes in a polymer
matrix, of new polymers with intrinsic sensing capabilities,
all in the form of coatings, nanoparticles, thin films, and
the like.

(2) Spectroscopy: Its aim consists in the design of optical
methods (that can range from refraction and reflection to
fluorescence, from plasmon resonance to Raman spec-
troscopy, from lifetime-based sensing to FRET-based
sensing, from 2-photon effects to upconversion spectros-
copies, and from time-resolved and time-of-flight
measurements to sensing schemes based on the (de)-
polarization of light or diffraction.

(3) Optical Engineering: This involves smart optical designs
that go far beyond classical instrumental arrangements.
Examples include the design of detection cells for gases
(such as the multireflective White cell for use in IR
spectroscopies), evanescent wave sensors, fiber optic
distributed sensors, new arrangements in surface plasmon
resonance sensors, multiplexed or remote sensors, various
kinds of interferometric sensors, and the like.

1.1. A Look Back on Optical Sensing of pH Values

The definition of the pH value by Serensen (as a parameter for
the acidity or basicity of an aqueous solution) may be rather
“new”, but it has been recognized in early times that certain
solutions taste acidic (Latin: acidus; and acetum for vinegar),

https://dx.doi.org/10.1021/acs.chemrev.0c00451
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Table 1. Overview of the Characteristic Features of Optical Labels, Probes, and Sensors'”

term features

label (including reagents for supposed not to respond to its environment;

derivatization)
acts as a tag to make an analyte detectable

usually a conjugatable molecule or particle

probe (indicator) supposed to respond to a parameter;

usually a molecule;

examples

electrochemical labels;

radioactive labels;

optical (fluorescent) labels, such as FITC or quantum dots;
Raman labels;

fluorescent proteins;

derivatization reagents (for use in separation sciences), enzymes (for
use in ELISAs);

fluorescent aptamers;

labels for immunoassays, immunostaining, FISH), etc.

indicators for pH values, probes for calcium(II) and various other
ions;
intercalating probes for ds-DNA;

mostly of the optical type (absorptiometric or fluorescent or  probes for solvent polarity or lipophilicity;

Raman)

sensor supposed to enable continuous monitoring;

supposed to work over hours if not weeks and years (in

patients or cars, for example);

probes for temperature; quenchable indicator dyes

electrochemical or optical solid-phase sensors for pH values, oxygen,
nitrite, glucose, methane gas;

SO,, NO,, and others

not just a single molecule, not just a probe or a label;

usually solid state

while others taste burning or exert an aggressive action on
certain stones (such as carbonates) and metals. Rather than
tasting such fluids (which was soon recognized to imply a certain
risk to those testing such fluids), it was found, first around the
year 1300, that litmus (a fermented extract of lichens such as
Rocella tinctoria) responds to acidity by giving a color change
from blue to red. The effect is due to the acid—base chemistry of
a hydroxyoxazine dye called cudbear or orcein, and it is fully
reversible. To prevent addition of the extract to a sample, pH test
stripes were designed by soaking paper or cotton with alcoholic
solutions of litmus and subsequently gently drying them. These
devices (known for some 400 years) were the first optical tests
for sensing pH values. Obviously, the dyes were not covalently
(but rather electrostatically) immobilized and, therefore, readily
leached out. Such tests later were named dry reagent
chemistries,"” and even later they were referred to as optical
sensors.

The 1970s saw test stripes for pH to become commercially
available where the pH indicator dye was covalently
immobilized on cellulose, usually via vinylsulfonyl chemistry.
This early work is difficult to trace because it was mainly
performed in industry. An early article by Free et al.'* describes a
triple test stripe for urinary glucose, protein, and pH. In 1975,
the immobilization of pH indicator dyes on glass was reported
by Harper.'> Azo dyes were linked to the surface of silicate glass
(said to be more stable than cellulosic supports) that was made
surface-reactive by treatment with a silane reagent so that the
indicator dyes could be covalently immobilized. However, glass-
immobilized pH-probes have not had a large success. Two later
papers'®'” describe fairly well how to chemically immobilize
vinylsulfonyl pH indicators on cellulose which still is the method
of choice. The resulting nonbleeding test stripes allow for
distinctly improved and continuous pH measurement, initially
by visual inspection. In the late 1980s, instruments became
available that enabled the color (more precisely reflectance) of
such sensor stripes to be quantified and related to the actual pH
value. They are based on the use of LED light sources and small

enough to be used in field tests. In addition, microtiter plates
with pH sensor layers on the bottom of the wells have become
available and allow pH changes (for example as a result of
metabolic action) to be monitored over time.

All early tests were read visually. Often the color was (and is)
compared with a color chart. Results can be surprisingly precise
(£0.05 pH units at around the turning point). Instrumental
quantitation of test strips, dry reagent chemistries, and sensor
stripes usually is performed by reflectometry, hardly by
fluorescence or absorption, simply because fluorescence cannot
be easily quantified visually and because practically all sensor
stripes are nontransparent.

The absorption (and reflectance) spectra of the most
common pH paper stripe typically displays absorption bands
at about 460 nm (orange color; acid form) and 580 nm (blue
color; base form), respectively. The acid form can be
interrogated by a blue LED, and the base form by a yellow
LED, thus enabling 2-wavelength ratiometric measurements.
However, in the commercial readers, a reference signal obtained
with an LED operated at about 670 nm (i.e., beyond the range of
dye absorption) is used to compensate for geometrical and
scattering effects. This simple and low cost detection system is
still superior to many of the complicated, if not expensive pH
sensors that have been described in the past years. The law of
diffuse reflectance was established by Kubelka and Munk'® in
1931. It forms the basis for data processing in most instrumental
readers.

As the potential of optical sensors (as an alternative to the
glass electrode for sensing pH values) was rapidly reco§nized,
several other articles appeared within a few years."” ™ Most
sensors were reflectance-based, but fluorescent pH sensors were
also described rather early.”*”>® The article by Janata®” on
whether pH optical sensors can really measure pH is a “must” in
the early literature since it points to aspects hardly addressed in
pH sensor work. These issues are still of high significance in
terms of precision and accuracy of optical sensors for pH. The
dependence on ionic strength is an intrinsic limitation of pH
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Table 2. Selected Papers on Early Work on Optical Sensors for pH Values

authors year remarks ref

N.N. <1970  cellulose-immobilized pH indicators (azo dyes); work performed in industry

Harper 1975 reusable glass-bound indicators 1S
Liibbers et al. 1977 nanoencapsulated fluorescent pH indicators 31
Peterson et al. 1980 first fiber optic pH sensor 32
Goldstein et al. 1980 miniature fiber optic reflectometric pH sensor for blood 33
Tait et al. 1982 fiber optic in vivo pH sensor 34
Saari and Seitz 1982 pH sensor based on immobilized fluorescein 24
Opitz and Liibbers 1983 fluorometric planar sensor for pH and ionic strength 28
Suidan et al. 1983 fiber optic reflectometric pH sensor for blood 35
Wolfbeis et al. 1983 evaluation of fluorescent pH indicator probes for use in optical sensors 36
Kirkbright et al. 1984 immobilization of reflectometric pH indicators on ion exchange polymers 19
Zhujun and Seitz 1984 fluorometric pH sensor using HPTS as an indicator 37
Goldfinch and Lowe 1984 solid-phase optoelectronic pH sensor 38
Offenbacher et al. 1986 fluorometric sensors for near-neutral pH values 25
Wolfbeis et al. 1986 fluorometric sensor for simultaneous monitoring of ionic strength and physiological pH values 29
Scheggi and Baldini 1986 comparison of pH sensing by absorption, reflection, and fluorescence 39
Woods et al. 1986 optical pH sensing at low buffering capacity 40
Gebhrich et al. 1986 intravascular blood pH monitoring system (fluorescence based) 41
Janata 1987 assessment of the accuracy and precision of optical pH sensors 27
Grattan et al. 1987 2-wavelength fiber optic pH sensor 21
Kawabata et al. 1987 fiber optic pH sensor with monolayer indicator 42
Boisdé and Pérez 1987  miniature pH sensor (1 mm) 43
Jordan et al. 1987 pH sensor exploiting FRET 44
Monici et al. 1987 pH sensor for seawater monitoring EN
Wolfbeis and Marhold 1987 pH indicators for an extended range 46
Attridge et al. 1987 pH sensing via refractive index 47
Jones and Porter 1988 immobilization of pH indicators on cellulose acetate 23
Knobbe et al. 1988 immobilization of pH probes in sol—gels 48
Posch et al. 1989 gastric pH sensor (pH 0—7) 49
Carey et al. 1989 sensor for high acidities S0
Carey and Jorgensen 1991 sensor for high acidities based on fluorescent polymers S1
Gabor and Walt 1991 pH sensing via inner filter effects S2
Tan et al. 1992 submicrometer intracellular pH sensor S3
Werner et al. 1993 optical sensor for pH 10—13; hydrolyzed cellulose acetate 54
Ge et al. 1993 fiber optic evanescent wave pH sensor SS
Werner et al. 1993 first use of a partially hydrolyzed thin cellulose triacetate film on a polyester support; now widely used in 54

optical pH sensors
Parker et al. 1993 pH sensor using the self-referencing dye SNARF 56
Mohr et al. 1994 azo indicators immobilized via vinylsulfonyl groups on cellulose films (on polyester support) 16, 17
McCurley 1994 optical sensing of pH values based on the use of swelling hydrophilic polymers 57
Bronk and Walt 1994 pH sensor array using fiber bundles S8
Michie et al. 1995 distributed pH sensor using fiber optics and swellable polymers 59
Koncki et al. 1995 pH sensor using near-infrared dye in PVC 60
Schulman et al. 1995 wide-range pH sensor based on photodissociation 61
Zhang et al. 1995 pH sensor based on reflectance of swelling polymers 62
Taib et al. 1996 pH sensor range extended via artificial neural network 63
de Marcos et al. 1996 polypyrrole films as a pH sensor material 64
Dra;xler and Lippitsch, Werneret 1996 first PET-based pH sensing schemes 65—67
al.

Pringsheim et al. 1997 various polyanilines as a sensor material for absorptiometric sensing of pH 68
Papkovsky et al. 1997 PVC sensor membranes containing porphyrins 69
Safavi and Abdollahi 1998 first optical sensor for very high pH values 70

sensors using indicator dyes. It is also noted in this paper that the
local environment of an immobilized pH indicator is not purely
aqueous (that is, 5SS molar in water) so that the definition of pH
does not strictly apply and pK, values may be changed.
Limitations due to the adverse effect of ionic strength were
overcome by Opitz and Liibbers*® and Offenbacher et al.”’ who

made use of two indicators whose dependency of their pK, on

12361

ionic strength is different, so that two independent signals are

obtained from two dyes or sensors.

It also was recognized in early work that, in addition to
classical indicators, new ones are needed to take advantages of
diode lasers and if sensors are to be operated at wavelengths of
>600 nm. This can reduce background optical effects and inner

filter effects, for example by making use of longwave absorbing

https://dx.doi.org/10.1021/acs.chemrev.0c00451
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Figure 1. (a) Typical pH titration plot of a pH indicator (HPTS) with a single pH transition (and pK, value). Reprinted by permission of Springer
Nature from ref 36. Copyright Springer Nature 1983. Note that the shape of titration plots depends on the analytical wavelengths in absorption,
emission, or excitation: At the isosbestic point (here at 415 nm), the signal is independent of the pH value. (b) Typical titration plot of a pH-dependent
conductive polymer (polyaniline) with several overlapping transitions due to the presence of many protonable nitrogen atoms in different
microenvironments. This results in a much wider detection range. Reprinted from ref 68 with permission from Elsevier. Copyright Elsevier Science
B.V. 1997. (c) Titration plot for a typical nanomaterial (graphite oxide) with two fairly wide transitions that have been attributed to the dissociation of
carboxy groups and phenolic hydroxy groups. Reprinted by permission of Springer Nature from ref 98. Copyright Springer Nature 2012.

fluoresceins and rhodamines.”” The fundamental work on pH
sensors before the year 2000 is summarized in Table 2.

Conventional electrochemical sensors do not work well at pH
values of 11 and higher. It was soon recognized that optical
sensors do not suffer from this disadvantage.”*”® On the other
hand, potentiometric pH sensors cover a large range of pH
values, while optical sensor typically cover a range of maximally 3
pH units with adequate accuracy. However, wide range pH
sensors are needed in cases, such as measurement of gastric pH
values. This is usually overcome by making use of up to 3
indicator dyes,”””" but single indicators with intrinsically wide
range (due to the presence of more than one dissociable group)
also have been described.*® Sensor stripes that cover narrow pH
ranges (typically 3 units) or the full pH range (1—14) are
commercially available.

A major leap forward was accomplished when fiber optics
were coupled to optical sensors for pH because fiber optics
enable measurements to be performed at hardly accessible sites
(such as in vivo), in harsh environment (such as radioactive
areas or in polar regions), and in strong electromagnetic fields.
In essence, the sensor chemistry for pH is placed near (or at) the
tip of an optical fiber and interrogated remotely. Instruments are
now available from various sources. Fiber optic sensors for pH
values in nuclear power stations were described in the 1970s by
Boisdé and co-workers.”””* The fiber optic pH sensor described
by Peterson et al.”> in 1980 was a milestone in optical fiber
sensor technology in medicine. The system comprised plastic
fibers, a pH chemistry at their ends (composed of a cellulosic
dialysis tubing filled with a mixture of polystyrene particles and
polyacrylamide beads dyed with phenol red), LED light sources,
and photodiode detectors. Surprisingly enough, even multipoint
quasi-distributed optical fiber sensing of pH values was reported
already back in 1997.”* A 2-volume book that appeared in 1991
gives an account of the early work on fiber optic chemical
sensors and biosensors.”

In 1984, a fiber optic triple sensor instrument (“GasStat”)
became commercially available that can monitor pH values,
pCO,, and pO, during cardiopulmonary bypass operations."”*
It contains 3 fluorescent spots in contact with blood or calibrant,
each sensitive for one parameter. Fluorescence intensity is
measured at two wavelengths and the signals are then submitted
to internal referencing and data processing. The instrument is

still in widespread use (www.terumo.com). A triple sensor was
also described for use in bioreactors.”® Walt’s group”” wrote the
milestone paper on the use of fiber arrays for genomic screening
which, in turn, became a large commercial success. Micro-
sensors, with diameters of <50 ym, were first reported in 19957%
and enabled submillimeter resolution studies in marine
microbiology.

In terms of materials, cellulose is a preferred matrix, but other
hydrophilic materials also were introduced including the
polyurethane hydrogels,”” polyacrylonitrile-co-polyacryla-
mide,®" chitosan, agarose, poly(vinyl alcohols),®" sol—
gels,48’82’83 and zeolites.”” Langmuir—Blodgett films are
materials useful for making sensor layers of nanometer
dimensions.*® Others have used rather hydrophobic polystyrene
based ion exchange beads to immobilize negatively or positively
charged indicator dyes."”

Other novel materials for use in optical sensors or probes
consist of polymers that have an optical response by themselves,
and these were introduced by 1992 and thereafter. These
include polypyrroles® and polyanilines.”® Their absorption
spectra extend far into the near-infrared. Poly(vinyl chloride) is
not proton permeable but protons can be carried into a
plasticized PVC membrane via carriers. This was used to design
ion sensors for ammonium, sodium, potassium and calcium
ions.***” They are based on the ion/proton exchange principle
and the use of lipophilic pH indicator dyes. At about the same
time, the first infrared based pH sensor that makes use of
(de)protonable polymers, and the first refractive index-based
sensors that make use of swellable polymers were described.

Optical sensors, unlike potentiometric sensors, do not
principally require a reference element. However, optical signals
can drift and can be interfered by foreign light. Early methods
that have been designed (and still are powerful methods) to
overcome such limitations include 2-wavelength referencing”'
(also by using FRET),** dually emitting dyes,”® or lifetime-
based sensing.”

Aside from measurement of pH values, such sensors also were
used as transducers in three major kinds of assays. In the first,
sensors for acidic or basis gases have been designed that are
based on the changes induced by these gases in an internal buffer
system. Typical examples include sensing of carbon dioxide”™ or
ammonia”' via changes in the pH of a buffer solution entrapped
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in a gas-permeable but proton impermeable polymer such as
silicone. In the second, pH optical pH sensors are used as
transducers in enzymatic reactions during which protons are
produced or consumed, for example on oxidation of glucose by
glucose oxidase” or hydrolysis of urea by urease. In the third, a
pH sensor is used to monitor bacterial growth via the products of
bacterial metabolism that cause pH values to drop or to
increase.”

The Liibbers group probably was the first to describe
nanosensors.”’ They immobilized indicators for oxygen and
pH in nanocapsules, which retain the probes but are permeable
to the analyte. Liebsch et al”* imaged pH, oxygen, and
temperature using sensor membranes placed in microtiterplates
and by employing decay time-based data acquisition. Kopel-
mans group was the first to use subym-sized fibers to determine
pH values in cells.”” A review on optical chemical sensor
technology until the year 2000 was presented.’® In conclusion, it
can be stated that many fundamental ideas for sensing pH values
by optical means already have been created in the years before
2000.

1.2. Optical Sensing of pH Values: Specific Features

Most known optical sensors for pH (and all commercially
available optical pH sensors) are based on the use of indicator
dyes incorporated in some way into a solid support or matrix.
However, pH sensors also have been reported that rely on the
pH induced (and fully reversible) swelling of certain polymers
(which can be detected optically for instance by measuring
refractive index), or by making use of photonic crystals which
have a structural color (very much like butterflies or
chameleons) that is affected by the local pH value. Certain
polymers (such as polyanilines and polypyrroles) have an
intrinsic color that also depends on pH over a rather wide range.
Optical sensors based on the use of immobilized pH indicators,
in contrast, cover a small dynamic range only (compared to glass
electrode), typically 3 pH units unless more than one indicator,
or an indicator with more than one pH-transition are being used.
Calibration plots have the typical sigmoidal shape of a pH
titration plot as shown in Figure 1A (unless the indicator dye has
several close-lying pK, values in immobilized form, for example
due to a strongly varying local microenvironment). Other pH-
sensitive materials (for example swelling polymers or organic
conductive polymers) mostly do not display such a behavior.
Rather, these have titration plots that cover a wide range (Figure
1B, C). The limitation of a small analytical range is compensated
for by the capability of such sensors to measure pH values with
high resolution (defined as optical signal change per pH change;
AS/ApH). On the other hand and unlike glass electrodes,
optical sensors can measure extreme pH values (such as alkaline
pH values between 12 and 14 or Hammett acidities of —1 and
lower).

All optical chemical sensors rely on the formation of chemical
equilibria between a sensor material and the local pH value of
the sample. This makes the approach different from the
establishment of a potential at the surface of an electrode.
Equilibration requires prior diffusion. Hence, thin sensor layers
are preferred to reduce response times if fast responding sensors
are required. Most sensors are expected to give a reading within
less than 3 min, but sensors that are supposed to work over long
periods of time can be slower. Most sensors have response times
that are faster in the forward direction than in the back direction.
A mathematical model was presented”’ that explains the
nonsymmetrical response times depending on whether an
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increase or a decrease in pH values is to be measured. The
influence of the pK, of the indicator, ionic strength, diffusion
coefficients, and thickness of the membrane was also
investigated.

One may differentiate between three fundamental types of
optical sensors for pH. The first is of the planar type, usually a
kind of foil that has a coating whose color or fluorescence
responds to changes in the pH value of solutions the foil is in
contact with. The second is the fiber optic type where the pH-
responsive chemistry is placed on or in an optical waveguide.
Nanosized particles form the third kind of sensors and have
attracted much attention in the past years because they enable
pH values to be determined (usually via microscopy) on a
microscale, in particular in cells and tissues. It is reminded at this
stage that molecular probes (indicators; nowadays sometimes
also referred to as “sensors”) are not included in this Review and
are described elsewhere.*””

Optical sensors for pH have several attractive features:

(a) Planar sensors (i.e., sensor films) can be placed inside
vessels, bioreactors, microtiter plates, or microfluidic
systems and then be interrogated from outside without
direct contact. Planar sensors also have been used to
image pH values over certain areas. Planar sensors are
readily mass-produced and at low costs by methods
known from the film industry and therefore often are of

the disposable type.
(b)

Fiber optic devices have tip diameters between 1 mm and
<50 pm, and this is distinctly smaller than the size of glass
electrodes. They have the additional advantage of being
flexible, which offers an attractive possibility for invasive
analysis of all kinds of tissues. Possibly more complicated
in production, such sensors also can be produced at fair
costs without sacrificing accuracy, and hence, they also
can be of the disposable type which is important if used in
medicine. An additional attractive feature results from the
fact that the optical signal can be carried over large
distances. This is particularly advantageous if the sample
to be measured is inaccessible, for instance in case of
remote sensing over hundreds of meters. Other fields
include distributed sensing along a fiber optic cable and
invasive sensing. Predictably, planar pH sensors and fiber
optic pH sensors will replace the use of the glass pH
electrodes in many areas.

(c) The third group of sensors (i.e., nanoparticles with pH-
sensing capability) have found particular interest because
they allow pH values to be determined inside cells,
something that would be impossible even when using the
smallest pH electrodes known. This technique also is
often combined with (fluorescent) imaging. If incorpo-
rated into a nanomaterial, the indicator dye is hardly
affected by proteins and other biomolecules. Therefore,
nanoparticle-based sensing of pH values is potentially
more reliable than using molecular probes for pH which
often are bound by proteins upon which their pK, value
can change. Notwithstanding the substantial research
going on in nanosensors for pH, such sensors still are, to a
wide extent, a research tool. Currently, molecular probes
are in much wider use than nanoparticle-based probes,
which still have to demonstrate superiority in certain
situations. Issues of intracellular delivery, distribution in
cells, selectivity, toxicity, and in vivo calibration have to be
addressed in each single case.
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Given their quite different operating principle (as compared
to pH electrodes), pH optical sensors offer quite new
possibilities and at the same time are subject to some limitations
that are not encountered with electrodes. The fundamental
difference between optical techniques and potentiometric
measurements of pH is that the optical technique measures
the concentration of a dye species (that is related to pH), while
pH is defined in terms of activity, which is what potentiometric
measurements are based on. Janata’’ has shown the
compromises that have to be made in case of optical pH
measurements. In essence, it is (a) the discrepancy between
activity and concentration of protons and (b) the fact that local
pH values in sensor layers may be different from sample pH
values because sensor layers do not consist of pure water (for
which the definition of pH only is valid). This is discussed
further below. A careful comparative study on the performance
of optical pH sensors with electrochemical sensors' %’ revealed,
however, that the agreement between the two kinds of sensors
was excellent, the average difference in pH readings in two cell
media being 0.04 pH units only.

Because the indicator dye and the sample are in different
phases, there is necessarily a mass transfer step required before
constant response is reached. This leads to delayed response to
pH. Hence, optical sensors for pH usually have a slower response
than the glass electrode. Photobleaching, leaching, and
interferences by ambient light are further limitations. It is also
noted here that pH indicator dyes are weak acids, which can act
as buffers, and this may compromise the precise determination
of pH values of weakly or unbuffered solutions. And yet: The
intrinsic characteristics of small sensor size, electrical isolation,
chemical inertness and corrosion resistance offer definite
advantages over electrochemical sensors. Figure 2 shows a
commercially available optical pH sensor. Such sensors are
single-use because they can be fabricated in large quantities at
relatively low costs.

Figure 2. Commercially available disposable optical pH sensor attached
to a single-use flow-through T-cell (from PreSens). It is connected to
the pH meter (not shown) via a polymer optical fiber (top). The sensor
spot (diameter = 3 mm) is placed in such a way that it is in contact with
the sample solution passing the T-cell. These sensors typically cover the
pH range of 5.5—8.5 and are precalibrated. Major applications are in
perfusion systems and in process monitoring. Reprinted from https://
www.presens.de/de/produkte/detail/ph-einweg-durchflusszelle-ftc-
su-hpS-s with permission of Presens GmbH (Regensburg, Germany).

1.3. Definition of the pH Value

In simple terms, the pH value is a measure of the degree to which
a solution is acidic or alkaline. The pH scale extends from less
than 0 to above 14, but values inside this range are most
common. Plain water is said to be neutral and to have a pH value
of 7 (see below). On addition of an acid, the pH value will drop,
while on addition of a base it will rise. The pH value is most often
determined, for example in clinical sciences (blood, cells,
stomach), environmental sciences (soil, surface waters, acid
rain), in food science and oceanography, in engineering and in
chemical and biotechnological plants. Blood pH values range
between 7.35 and 7.45, and values above 7.8 or below 6.8 are
fatal. Urine, gastric fluid, and cancerous cells are acidic, and
normal seawater is slightly alkaline (>8).

According to the mathematical definition given by Serensen
in 1909, the pH value is the negative logarithm of the hydrogen
ion concentration [H']:

pH = —log[H+] (1)

In other words, the concentration of hydrogen ions in plain
water is 0.1 #M. The hydrogen ion (also referred to as proton) is
not present as such in aqueous solution. Rather, it is bound to a
water molecule to form the hydronium ion [H;0%], which is
important to keep in mind when considering the rate of diffusion
of a “proton” through a sensor material.

One liter of water contains around 1.9 ug of hydronium ions
because only 2 out of one billion of water molecules dissociate to
form H;0"* and OH™ ions. Obviously, this is not much and pH
values therefore are easily affected by external and environ-
mental factors. For comparison: air-saturated water contains
around 8 mg/L of oxygen. The pH value of water is strongly
temperature dependent. At the temperature of the human body
(37 °C) it is 6.80. One should also keep in mind that the pH
scale is logarithmic: Compared to a solution of pH 7, one of pH
6 contains 10-times the number of hydronium ions.

The pH value can be derived from the equilibrium constant of
water, which is defined as

[H'][OH ]
[H,0] )

In pure water solution, the concentration of water is constant
(55.5 M), so that it can be multiplied with K to obtain the
dissociation constant (or autoprotolysis constant) (K,)

K, = [H;0"][OH] 3)

whose numerical value is 107'* at 25 °C. At neutral pH values,
the concentrations of [H*] and [OH™] are identical, so that both
[H*] and [OH ] have the numerical value of 10~". The negative
decadic logarithm (that is, the pH and pOH value, respectively),
therefore is 7. For purely aqueous solutions, the sum of pH and
pOH always is 14.

However, the above assumption of a constant water
concentration (55.5 M) is not always warranted, for example:

(a) If solutions contain organic solvents in fractions of >20%;
both the fraction and kind of organic cosolvent exert a
large effect on the activity of protons in a solution, and on
pK, values.'”!

(b) If solutions contain large fractions of proteins, such as
albumin, or polymers, such as poly(ethylene glycol). Both
proteins and hydrophilic polymers can bind large
fractions of water. Blood, for example, has an apparent

https://dx.doi.org/10.1021/acs.chemrev.0c00451
Chem. Rev. 2020, 120, 12357—12489


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig2&ref=pdf
https://www.presens.de/de/produkte/detail/ph-einweg-durchflusszelle-ftc-su-hp5-s
https://www.presens.de/de/produkte/detail/ph-einweg-durchflusszelle-ftc-su-hp5-s
https://www.presens.de/de/produkte/detail/ph-einweg-durchflusszelle-ftc-su-hp5-s
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig2&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00451?ref=pdf

Chemical Reviews

pubs.acs.org/CR

water concentration of around 40 molar only, not 55.5 M,
which is assumed when deriving the pH value from the
dissociation equilibrium of water. Hence, the definition of
blood pH is based on a wrong assumption. In fact, the true
pH value (in terms of proton activity) of blood is
unknown.
The pH scale is but one example of an acidity function. Other
acidity functions have been defined, for example the Hammett
acidity (H,) that has been developed for very strong acids.

1.4. Proton Activity versus Concentration

The actual acidity of a solution, however, is not governed by the
concentration of hydronium ions ([H;0*]) but rather by their
activity. Therefore, the initial definition was modified by
Seorensen and Linderstrom-Lang by introducing an activity
factor a:

pH = —log a[H™] (4)

It accounts for the fact that the activity of the hydronium ions is
compromised by other species that are present in solution, in
particular by other inorganic and organic electrolytes, such as
salts, charged proteins, or nucleic acids.

1.5. Dissociation Constants of Indicators and of Polymers
with pH-Dependent Charge

The applicability of a classical pH probe (indicator or polymers
with pH-dependent charge) is best described by its acid
dissociation constant, K, (also known as acidity constant) or its
negative logarithm (pK,). In simple terms, the pK, value gives
the pH value (+£1.5 pH units) over which an indicator (or
polymer) changes its optical properties (or charge) and, hence,
is useful in terms of sensing. Most conventional probes can be
considered as acids (HInd). Their properties can be described in
the context of acid—base reactions. In aqueous solution, the
equilibrium reaction can be described as

HInd + H,0 = Ind”~ + H;O" ()
and the respective equilibrium constant K, is
[Ind"][H,0"]
0~ |HInd][H,0] 6)
By inserting 55.5 for [H,0], one obtains
_ [Ind"][H,0"]
[HInd] (7)

a

The negative decadic logarithm of K, is the widely used pK,
value of a probe (and this definition, of course, also holds for any
other acid).

Again, it is important to keep in mind that pK, values usually
are given for pure (= 55.5 M) aqueous solutions at low ionic
strength. In optical sensors, the indicator dye usually is
contained in a polymer, and the microenvironment of such
indicators may contain only minute quantities of free (available)
water. In this case, the assumption made above (that [H,0] =
55.5 M) is not valid. This is one major reason pK, values of pH
indicators can be quite different depending on whether they are
dissolved in an ideal aqueous solution or in a polymer. The
apparent (nonthermodynamic) pK, value of a sensor is termed
pK; in this Review.

Other reasons for shifts in apparent pK, values of indicators
include (a) effects of ionic strength (see below), (b) binding of

indicators to proteins and other charged species, (c) changes in

the hydration number, and (d) dye—polymer interactions of the
van der Waals type.

Binding to proteins is a major reason the determination of pH
values in protein-containing samples (such as in intracellular
fluids) by using plain molecular indicators should be interpreted
with caution. Indicators immobilized on (and in) hydrophobic
matrices have been found to exhibit acid—base properties that
are quite different from those in aqueous solution,'”**'%*

Most authors are making use of the Henderson—Hasselbalch
equation by using pK, values determined by measurement of the
activity of protons (via pH electrodes), and these values are then
applied in processing data of optical sensors that measure proton
concentrations.

The pK, value of an (immobilized) indicator can be
determined by various methods'®” but is best determined by
photometry or fluorometry by making use of the Eistert
equation104

4, - A)
(4, -4, (8)

where A, is the absorbance of the indicator at a certain
wavelength at a given pH value, Ay, is the absorbance (at the
same wavelength) of the base form of the dye (i.e., in a solution
with a pH value that is much higher than the pK; value), and 4, is
the absorbance (at the same wavelength) of the acid form of the
dye (i.e., in a solution with a pH value that is much lower than
the pK, value).

It is often ignored that many indicators also have an excited
state pK, value and, therefore, a second pH transition (in
fluorometric titrations only). This is due to excited state
(adiabatic) photodissociation because phenols are much
stronger acids in the first excited singlet state (S, state) than
in the ground state (S,). Inversely, amines (like pyridine-derived
indicators) are much stronger bases in the first excited singlet
state (S, state) than in the ground state (S,). The Forster cycle
may be used to calculate excited state pK, values. In simplified
form, it reads like this for calculating pK, values

0.625

pK, = pH + log

PK,(S)) = pK,(So) — (Pup — 75) (9)
Here, T is the temperature and 7y and 73 are the wavenumbers
(in cm™ units) of the absorption peaks of the acidic form and of
the dissociated form of an indicator dye, respectively. The effect
was used®' to largely extend the response pH range of an optical
pH sensor based on the use of 1-hydroxypyrene-3,6,8-
trisulfonate.

pK, values are thermodynamic parameters and are, therefore,
more or less temperature-dependent. This temperature depend-
ency is determined by the structure of the indicator and change
in the free enthalpy upon dissociation. For instance, indicators
based on phenols typically show dpK,/dT values between
—0.007 and —0.012"”> whereas for those bearing secondary and
terltggry amines dpK,/dT vary from —0.013 to —0.020 units/
K.

1.6. Effect of lonic Strength on pH Values and pK, Values

According to Lewis and Randall, the ionic strength I of a solution
is defined as

1 2
I=— czZ;
2 z [ (10)

where ¢; is the concentration of each ion present (in mole per
liter) and z;” its charge. Tonic strength (IS) affects the activity a of
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Figure 3. Calibration plots of hydrogel-immobilized fluorescein indicators at different ionic strengths, demonstrating the decrease in the pK, value with
increasing ionic strength of the solution. Reprinted with permission of The Royal Society of Chemistry from ref 110. Copyright Royal Society of
Chemistry 2005. Permission conveyed through Copyright Clearance Center, Inc.

any electrolyte in solution (the proton included) so that its true
concentration ¢ has to be multiplied by a correction factor y to
obtain the actual activity via

a=cy (11)

Debye and Hiickel have related the activity coeflicient y of a z-
valent ion to I by

log y = —0.5122%1"/* (12)

While there is good correlation between theoretical and
experimental data for IS-corrected pH values in case of singly
charged electrolytes, the situation is more complex in cases of
multiple charges and unsymmetrical ions.'®”

The activity coeflicient depends on the ionic strength of the
solution and approaches unity for infinitely dilute solutions. In
very dilute solution, pH can be related directly to the
concentration of the hydrogen ions.

Ionic strength also affects the dissociation constant of pH
indicators.'” The following relation is valid between the pK,
value at a %iven ionic strength I, and the true thermodynamic
value (pK,™)

0.512(z5" — zy )?
(1 + 1.61'%) (13)

pK! = pr™ +

a a

where zyp and zg are the charges of the acidic form and of the
dissociated form of an indicator dye, respectively.

In general, optical sensors for pH values perform much better
than electrodes in case of unbuffered solutions.'*® This effect is
of particular significance in case of samples with a high variation
in ionic strength, for example in case of estuary waters. The effect
of ionic strength has to be taken care of when sensing the pH
value of seawater or estuaries with their high or varying ionic
strength. Edmonds et al.'”” have shown that an increase in ionic
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strength from 0.01 to 3 M can shift the pK, by as much as 1.2
units. Ionic strength (IS) calculators are available on the
Internet. However, data on the effects of IS are conflicting in that
both increases and decreases in the pK, values with increasing IS
have been reported.

Most pK, values are determined in buffer solutions with low
electrolyte concentrations, typically between 10 and 20 mM, and
few authors have studied the effects of IS in detail. An example
where the pK, of fluorescein-based indicator dyes decreases with
increasing IS''” is shown in Figure 3 that reflects, exemplarily,
the effect of IS (salinity) on the pK, value. Edmonds et al.'"
have shown that an increase in IS from 0.01 to 3 M can result in
strong increase of the pK, value (bromophenol blue; +0.57
units) and decrease of the pK, value (phenol red; —1.02 units),
whereas for some dyes (bromocresol green, methyl red), the
effect was comparably small (see Table 3). Interestingly, phenol
red, bromophenol blue, and bromocresol green have rather
similar chemical structures.

Table 3. Variation of pK, Values with Changing Ionic
Strength at 25 °C“

ionic strength 0.01 0.1 0.5 1 1.5 2 3
(M]

bromophenol 3.94 4.41 4.37 4.40 442 4.45 4.51
blue

bromocresol 4.57 4.65 4.65 4.68 4.71 4.75 4.82
green

bromocresol 6.26 5.67 5.67 5.71 5.74 5.75 5.76
purple

methyl red 4.90 5.04 5.08 S.13 5.31 5.07 5.01

phenol red 746 696 652 637 639 655 644

“From ref 109.
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Azo dye based pH sensors and test strips are in widespread
use. The effect of IS (on going from 0 to 0.1 M NaCl solutions)
on a reflectometric azo dye based cellulosic pH sensor (made
from the dye that is used in many commercial pH test papers)
was also found to be strong, but upon further increase of IS it is
less expressed.''! Obviously, the concentration of the phosphate
buffer only (i.e., in the complete absence of any other
electrolyte) also has a remarkable effect on the calibration
graph. Given the effects of buffer strength, varying IS and
temperature, an accuracy of not better than +0.05 pH units at
pH values between 6 and 9 was said to be realistic.

Monici et al.*® also reported that the pK, value of the widely
used indicator dye phenol red drops by 0.044 units for a 1%o (1
PSU) increase in salinity. Similar results were found by Robert-
Baldo et al.''? who have studied the dependence of the
dissociation constant (K,) of phenol red in seawater at
temperatures between S and 30 °C.""*"'* In respect to highly
accurate spectrophotometric measurements with aqueous
indicators solutions, m-cresol purple proved to be the best
suitable dye for oceanographic applications (pK, = 8.006 at 25
°C and at 35 PSU).">~""" The cross-talk to salinity is already
measurable at high salinity (~0.00125 pK, units/PSU at Salinity
35) and dramatically higher at lower salinities (Figure 4).11en
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Figure 4. Salinity (in PSU) dependency of the apparent pK;, of m-cresol
purple in water. Reprinted from ref 116 with permission from Elsevier.
Copyright Elsevier B.V. 2004.

The effect of IS increases with the charge of the indicator dye,
and it does not come as a surprise that the widely used indicator
1-hydroxypyrene-3,5,8-trisulfonate (HPTS) with its 3—4

negative charges is particularly sensitive to IS. It usually is
covalently immobilized via one sulfonamido group on hydro-
philic support. The pK, of the such-immobilized dye drops by as
much as 0.4 units if IS increases from 100 to 200 mM. Such a
drop is intolerable in case of blood pH sensing, and therefore the
effect of IS is compensated for by an algorithm that uses data
obtained by ion-selective optodes for sodium''® and potas-
sium'"? which cause >90% of the IS of whole blood. Similar
material has been evaluated for potential application in
oceanography showing 0.2 units change of the pK, between
salinity 15 and 35 PSU."*°

3-Carboxy-7-hydroxycoumarin (having a single negative
charge only in the dissociated form) was conjugated to the
amino groups of glass beads and found to have pK, values that
are virtually independent of IS as long as it is surrounded by
excess protonated amino groups on the glass surface, which
warrant fairly constant local IS. However, if the surface —NH;*
groups are acetylated (and thus disappear), the pK, decreases
with increasing IS, typically from 7.3 to 7.1 on going from a 0.1
M to a 0.2 M IS. Equations (derived from the Debye—Hiickel
law) have been presented that allow the effect of IS on the pK, to
be calculated.””

Reducing the charge of the indicator dye (transition between
uncharged indicator and a form with charge +1 or —1) has been
recognized as an efficient strategy to decrease cross-talk of the
sensors to ionic strength. Weidgans et al."*' and Schroder et
al.'"” described fluorescein derivatives modified with a long
(hydrophobic) alkyl chain and entrapped in an uncharged
polyurethane hydrogel showing the transition between the
neutral acid form and negatively charged base form of the dye.
These dyes show very small cross-talk to ionic strength (Figure
3). In contrast, the cross-talk is much stronger for structurally
very similar indicators showing transition between the forms
with charges —2 and 0 (Figure 3). The same concept proved to
be efficient for indicators of other classes such as perylene
dyes'*'** and aza-BODIPYs both embedded into uncharged
hydrogels.'”* The perylene dyes bearing amine receptors
(showing transition between forms with the charge 0 and +1)
showed only slight increase in the apparent pK, value upon 10-
fold increase of the ionic strength (Figure S, left), and the pK; of
the aza-BODIPY (transition between 0 and —1) was virtually
independent of salinity (Figure S, right).
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Figure S. Salinity cross-talk of the pH sensors based on l-aminoperylene (left) and aza-BODIPY-based indicators (right, salinity in PSU) both
embedded into uncharged cross-linked poly(acryloylmorpholine) hydrogel (T =25 °C). Reprinted with permission of The Royal Society of Chemistry
from ref 123. Copyright the Royal Society of Chemistry 2013. Permission conveyed through Copyright Clearance Center, Inc. Reprinted from ref 124

with permission from Elsevier. Copyright Elsevier B.V. 2019.

12367

https://dx.doi.org/10.1021/acs.chemrev.0c00451
Chem. Rev. 2020, 120, 12357—12489


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig5&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00451?ref=pdf

Chemical Reviews

pubs.acs.org/CR

1.7. Selectivity and Interferences

These are issues that are often ignored in papers on sensors for
pH values but that decide on whether a sensor is applicable in
practice (such as sensing the pH value of blood of the criticallyill
patients, of bioreactor broths, or of seawater) or not. Unless a
sensor is adequately selective, it will have limited scope.

There are several kinds of potential interferents that can
compromise the accuracy of optical sensors for pH values. As
discussed in section 1, the performance of indicator-based or
(de)protonable polymer-based sensors is biased whenever the
pK, value of a pH indicator is compromised by parameters other
than the concentration of the hydronium ion, for example by
ionic strength, temperature, large fractions of organic solvents,
quenchers of fluorescence, such as iodide, by proteins that bind
to an indicator, or by polymer—dye interaction in a (solid)
sensor matrix.

Temperature and ionic strength also affect polymer swelling
(as exploited in all refractive index-based sensors, SPR
included). For instance, a typical systematic error would occur
if a pH sensor is calibrated with 10 mM phosphate buffer and
then applied to the determination the pH value of seawater with
its high ionic strength. Temperature and ionic strength also
affect (a) the pK, value of IR-active groups, such as R—NH," (in
case of IR sensors), (b) the diffraction of light in photonic
crystals if hydrophilic polymers are involved, and (c) the
refractive index and swelling of polymer coatings on the gold
film of an SPR sensor.

A further major source of error is due to quenching of the
fluorescence of pH indicator probes. Bromide, iodide, and
sulfide are notorious quenchers that can quench the
fluorescence of indicators if they can enter the sensor layer.
Fortunately, the above quenchers (unlike chloride) do not occur
in substantial concentrations in most biological matrices. Heavy
metal ions, such as Fe(III), Pb(II), Hg(II), and Ag(I), also are
typical quenchers. It is a misperception that ferric ion does not
occur in blood. In fact, it is readily formed in blood by
decomposition of heme and subsequent oxidation. It is also
present in most surface waters and ground waters.

No (or negligible) interference by quenching has been found
for rather inert gases, such noble gases, hydrogen, nitrogen,
alkanes (gaseous and fluidic), alcohols (at low level), and most
other organic solvents. Chlorine and other strong oxidants may
react with (and decolorize) an indicator. Gaseous CO, and
ammonia may become dissolved in the sample and may change
local pH values. All alkali and alkaline earth ions remain inert
except for their effect on ionic strength. The anions sulfate,
nitrate, nitrite, bicarbonate, carbonate, chlorate, acetate and the
like also have virtually never been reported to interfere.
Bioorganic species, such as saccharides and lipids (as they
occur in blood or bioreactor broths), do not interfere. Proteins
(such as traces of albumin) bind most charged indicator probes
upon which their pK, value is changed. This is a major source of
error and best prevented by selecting a permeation-selective
matrix material for the sensor, examples being hydrogels, such as
polyacrylamides and pHEMA, polymacon (pHEMA cross-
linked with ethylene glycol dimethacrylate), polyurethanes,
chitosan, carrageenan, poly(vinylpyrrolidone), or agarose, in the
form of films, coatings or water-insoluble beads. If high
mechanical strength is mandatory, (modified) sol—gels may be
applied.

Fluorosensors based on the use of UV absorbing indicators
can suffer from interferences by inner filter effects in that they
screen off excitation light or even fluorescence. Obviously,

colored species such as hemoglobin and chlorophyll can cause
the same effect unless excluded via permeation selectivity or by
using optical isolations (see section 9.3). Sensors without optical
isolations are limited to applications in fairly clear samples such
as various kinds of waters. Even seawater may become a
problematic matrix because it has a fairly strong intrinsic
absorption at wavelengths of below 300 nm.

1.8. Sensitivity, Precision, and Dynamic Range

The term sensitivity is ambiguously used in the scientific
literature. Sensitivity is defined by IUPAC as follows: “The
sensitivity of an analytical method is the capability of the method to
discriminate small differences in concentration of the test analyte.”
In plain language, sensitivity is defined as the slope of a plot of
signal (signal response) against analyte concentration. Hence,
sensitivity is defined as the change in any analytical signal (AS)
with the change in concentration (Ac). Unfortunately, many
authors confuse sensitivity with the limit of detection (the
smallest amount of analyte that can be determined with
confidence, typically at a signal-to-noise ratio of 3), not so
often in case of sensors for pH, but in many others, biosensors
included.

The variation in sensitivity (slope; AS/ApH) is best
demonstrated by looking at the two pH titration plots shown
in Figure 3 where pH values are plotted against the optical signal.
It should be kept in mind that a pH value by definition is a
logarithmic parameter, and hence, such plots—while reflecting
concentrations—are logarithmic plots. The sensitivity of all such
sensors is highest at the turning point of a plot of pH value versus
optical signal (S). At pH values of more than 1.5 units away (+ or
—) from the turning point, the slope is approaching zero. This
also makes it obvious that even minute changes in the pK, of an
indicator dye or a polymer with pH-dependent IR absorption
result in large errors in the optical determination of pH values.
The same is true, of course, for calibrations.

A commonly encountered systematic error in the determi-
nation of intracellular pH values results from the fact that
calibration plots are established with standard buffers that ignore
the presence of intracellular proteins. Besides proteins, intra-
cellular pK, values can also be affected by interaction of
indicators with DNA, RNA, lipid structures, and lipoproteins,
macromolecular assemblies and even organelles. These can bind
indicator dyes and shift their pK, values so that data for
intracellular pH values are heavily biased. In fact, the albumin-
induced shift of the pK, value of an indicator, and thus the
change in color at a constant pH value, is used in some tests for
albuminuria. In situ calibration is the most efficient strategy, but
it is not always feasible.

1.9. Effects of Temperature

Any sensor in this world measures temperature (T) and—
ideally quite specifically—another species too. Unless T itself is
to be sensed, its effects are not truly welcome. Remarkably, there
are relatively few reports on the T dependence of pH sensors.
This may be due to the fact that T exerts rather complex effects
on fraction of water in hydrophilic polymers used as sensor
matrix, and on dissociation constants of indicators and of
protonable swellable polymers used in IR based pH sensors,
and—in case of fluorescent probes—additionally on fluores-
cence quantum yields and decay times. As a result, mathematical
modeling of its effects is complicated. Temperature is probably
the single biggest source of error in such sensors. Ratiometric (2-
wavelength) sensing can reduce some effects of T (mainly on
fluorescence quantum yield) but not all.

https://dx.doi.org/10.1021/acs.chemrev.0c00451
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In respect to the temperature dependency of the pK, value,
inorganic, and carboxylic acids show temperature coeflicients
close to 0.'% These groups, however, are rarely involved in
modulation of fluorescence intensity of the indicators. The
secondary and tertiary amines, which are common receptors in
indicators based on photoinduced electron transfer, show
temperature coeflicients dpK,/dT between —0.013 and
—0.020 units/K. Temperature coeflicients for the primary
amines are higher (—0.012 to —0.028 units/K).'°® Phenols,
which represent other important receptors in the fluorescent
sensors, typically show the dpK,/dT values between —0.007 and
—0.012 units/K.'"”> As an example Figure 6 shows the
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Figure 6. Temperature dependency for the sensor based on aza-
BODIPY pH indicator bearing a phenol receptor. Reprinted from ref
124 with permission from Elsevier. Copyright 2019 Elsevier B.V.

temperature dependence for the response of a fluorometric
pH sensor. The sensor is based on a pH-indicator of the aza-
BODIPY class (bearing a phenol receptor) covalently
embedded into an uncharged poly(morpholinoacrylamide)
hydrogel with an additional phosphorescent reference materi-
al."** As can be seen, the temperature mainly affects the pK,
value of the indicator, other effects (such as thermal quenching
of the luminescence of indicator or reference) being either very
minor or mostly compensated. The pK, decreases with
temperature showing the coeflicient dpK,/dT of —0.0114
units/K, which is very close to the values reported for
phenols.'®

Evidently, the temperature cross-talk can be compensated for
providing that the temperature measurement is sufficiently
accurate. In practice, it can be not always straightforward since
the dynamic response of the optical pH sensor and the
temperature probe (e.g., a conventional resistance thermom-
eter) is likely not to be identical. This problem can be
particularly pronounced in applications requiring fast measure-
ments in environments showing high temperature and pH
gradients (e.g, profiling in seawater). Fortunately, it can be
addressed with help of dual sensors based on optical
temperature probes'” incorporated into the same sensing
layer. These dual sensors that can optically detect both pH
values and T in the same place.'**"*’

2. COMMONLY USED OPTICAL SENSING SCHEMES

The following section covers the most common detection
schemes that have been described in the past. Despite the variety
in terms of spectroscopies, reflectometry and fluorometry are
most widespread. They are most often used in planar sensors, in
fiber optic sensors, and in imaging of pH values. It may be stated

that fluorometry is expensive (given the price for research
fluorometers), but in fact present day sensor instruments can
have the size of a USB stick and can be rather affordable (hand-
held imagers included).

2.1. Absorptiometry and Reflectometry

Absorptiometry'*® is a very established and popular optical
method. And yet, absorptiometric continuous sensing of pH
values is not common. If the sensor is to be operated in the
absorptiometric (transmission) mode, it requires both the
sensor layer and the sample to be optically clear (nonscattering
and transparent) and free of colored species to warrant lack of
light scattering and that no species other than the pH responsive
dye are causing absorption. If scattering particles are present in
the sensor layer, their concentration must be such that they do
not cause scattering to an extent that would make measurement
of absorbance impossible. The stipulations of (a) an optically
clear sensor material and (b) an optically clear sample are hardly
fulfilled in practice. The problem can be circumvented, in part,
by making use of evanescent wave absorptiometry (also referred
to as ATR; for attenuated total reflection; see section 14.3)
where a thin film (typically <2 #m) of a pH sensitive material is
placed on an optical waveguide. In this configuration, the
interrogating beam is totally reflected at the interface between
waveguide and pH-sensitive coating, and the attenuation of the
light beam is governed by the local pH value in contact with the
sensor film on the waveguide.

Reflectometry, in contrast, is quite popular. Most pH sensor
stripes are not transparent but based on the use of a fibrous
sensor material that is virtually impermeable to visible light. In
fact, many sensors are rendered strongly scattering by adding
scattering white particles including cellulose, TiO,, BaSO,, or
polystyrene. The relation between the concentration of the
indicator and the intensity of diffusely reflected light at the
wavelength of absorption follows the law of Kubelka and Munk:

(e S(1 — Ryg)?
2&pR g6 (14)

where ¢ is the concentration of either the acidic form or the
conjugated base form of the indicator, S is a constant that is
specific for the support (such as cellulose or a TiO,-doped
hydrogel), Ry is the intensity of light reflected via diffuse
reflection; its numerical value can range from 1 (if all light is
reflected) to O (if no light is reflected), and & is the molar
absorbance of the absorbing material at the analytical wave-
length. This law forms the basis for all reflectometric read-out
schemes using test stripes (not only for pH but also for
parameters such as nitrate or glucose) as used in commercially
available instrumentation and point-of-care tests. A good review
with an updated theory on reflectometry along with
representative applications is available.'*

Most reflectometric sensors are based on ratiometric
measurements. Two LEDs are employed, one emitting at a
wavelength absorbed by the indicator in its acidic or conjugate
base form, the other at a wavelength that is not absorbed or is
absorbed by the conjugate base form or acidic form, respectively,
of the indicator. Figure 7 gives a schematic of an arrangement as
frequently used in industry.

Many sensors now are read-out by making use of RGB
imaging. In essence, each present-day camera and each flat-bled
color scanner is a 3-color photometer with three channels, one
each for red, green and blue (RGB) light. Data are stored in jpg
format and channels can be ratioed. This holds for both
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Figure 7. Schematic of an optoelectronic module for continuous
sensing of pH values in a flow tube, usually a bypass of a bioreactor fluid,
such as in fermenters (beer, wine or production of penicillin). The pH
sensitive layer typically is covered with a black optical isolation to
prevent sample fluorescence to interfere or to cause inner filter effects.
Two LEDs are employed, one serving as a reference. The two LEDs are
alternatingly turned on, and the signals of the sensor layer are acquired
by a photodiode (PD).

absorption and fluorescence. Methods for referenced lumines-
cent sensing and ima%ing with digital color cameras have been
critically compared.'”

2.2. Measurement of Luminescence

Fluorometry and phosphorimetry probably are the second most
often used methods after reflectometry. Fluorescence com-
monly originates from the lowest excited singlet state (S,), while
phosphorescence originates from a triplet state (T ). Both terms
are summarized under the general term luminescence, along with
other kinds of luminescence, which, however, have not yet been
applied to pH sensing so far. Luminescence spectroscopy knows
more methods of measurement than absorptiometry or
reflectometry. This has resulted in quite a number of read-out
schemes that shall be discussed in the following,"”’

2.2.1. Luminescence Intensity. This is the parameter most
often used in research but it is not a robust one as can be shown
easily. The ratio between luminescence intensity (F) and the
concentration of a fluorophore (which in the case of pH is the
concentration of either the base form of the acid form of the
indicator probe) is described by Parker’s law. In its simplified
version—that is valid for absorbances of <0.05 only—it is
stating that F is directly related to the intensity of the light source
(I), the molar absorbance of the acid form or base form of the
indicator (¢), its concentration (c), the penetration length (I),
and the quantum yield (QY) of the probe (also sometimes
referred to as ®):

F = I*e*c*[*QY *k (15)

The geometrical factor k accounts for effects caused by the
instrumental arrangement. On can easily see that F not only is
affected by the concentration of the pH indicator (in its acidic or
conjugate base form). Rather, it is also affected by changes (a) in
the geometry of the optical arrangement, (b) of penetration
depths (that may change due to swelling), (c) the intensity of
the light source, (d) a change in the sensitivity of the
photodiode, and (e) a drop in the concentration of the indicator
as a result of leaching or photobleaching. There are two main
methods that can fully or partially compensate for such potential
pitfalls, namely, ratiometric (2-wavelength) measurement of
intensity or dual-lifetime referencing (DLR; see below), where
intensity is converted into a phase shift or a time shift. In
addition to the above sources of error, fluorescence intensity

may also be biased by background fluorescence. It can stem from
(a) the fluorescence of samples, such as blood (which can be
minimized or completely eliminated by using so-called optical
isolations), and (b) the intrinsic fluorescence of optical and
other components because most of them are usually made from
plastic materials, which display intrinsic (usually blue to green)
fluorescence. This background can hardly be compensated for,
except by making used of gated fluorescence (see below).
However, since the background is mostly constant, it can
sometimes be subtracted by performing the measurement
without the sensing material (e.g,, with attached bare fiber).

Fluorescence intensity (F) can be readily measured with
fluorometers and therefore is the preferred parameter in sensor
research. The product of & and QY is sometimes termed
brightness (Bs) and represents an important and practical
parameter as it indicates how much of the incident light is
absorbed and then converted into luminescence. Fluorescent
indicators and materials with high Bs are highly desirable. It is
remembered here that the Stern—Volmer relationship (SVR) is
not applicable to indicator-based pH sensing because acid—base
equilibria are ground state equilibria. The SVR is applicable only
to dynamic (collisional) quenching that occurs in an excited
state.

Fluorometers may be expensive, but dedicated sensor
modules are not. Main components include an LED, a
photodiode, a data logger and a port, all of minute size. Main
applications of optical pH sensors are in blood pH measure-
ments, online pH monitoring of bioprocesses, in online
monitoring of pH values in perfusion systems, and in pH
profiling in semisolid (food) samples. Commercial systems do
exist for all of these applications.

2.2.1.1. Time-Resolved Measurement of Luminescence
Intensity. Measurement of luminescence intensity may be
combined with time-resolution if the pH-sensitive materials
possess comparably long decay times, typically >1 ps. Time-
resolved (gated) fluorometry enables background fluorescence
(with decay times of less than 1/10 of the decay time of the pH
probe) to be suppressed. In this scheme, luminescence is excited
with a short pulse of light and detected only after some delay
during which any short-lived background fluorescence has
disappeared. Figure 8 shows a schematic of sensing based on
time-resolved fluorometry.

2.2.2.Luminescence Decay Time. Decay time is often also
referred to as lifetime within this context, but this is not a good
term because it may also refer to the storage lifetime or
operational lifetime of a sensor. The decay profile of a
fluorophore affects the temporal course of fluorescence (F) in
the following way:

F = Fe ™ (16)

Here, Fis the intensity of fluorescence at a certain time (t), F is
the intensity at time zero after the light pulse has been
terminated, and k is the time constant that is specific for each
fluorophore in a given microenvironment. Optical sensors for
pH values that are based on the measurement of decay time
usually make use of the differences in the decay times of the
acidic and conjugate base form of pH indicators, preferably
those with long decay times. Both phase fluorometry and pulsed
fluorometry are used to measure decay times, each method
having its merit.

2.2.3. Forster Resonance Energy Transfer. Forster
resonance energy transfer (FRET), often also referred to as
“fluorescence” resonance energy transfer (even though no
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Figure 8. Time-resolved sensing. Following an excitation pulse (during
which luminescence rises to a maximum; blue area), the photodetector
is opened only after a certain delay time during which background
luminescence (yellow) is allowed to decay. The luminescence of the
pH-sensitive probe, in contrast, decays much slower (mainly red area)
and can be detected after the delay time and with virtually zero
background. The method does not compensate, however, for constant
levels of ambient light or long-lived background luminescence.
Reprinted from ref 132 with public license. Published by The Royal
Society of Chemistry.

fluorescence is transferred), is based on classical dipole—dipole
interactions between the transition dipoles of a donor dye and an
acceptor dye. FRET efficiency inversely depends on the sixth
power of the donor—acceptor distance. In case of pH sensors,
two dyes are used, one (the “donor” or “acceptor”) being pH-
responsive, the other (the “acceptor” or “donor”) usually not
(even though it may be so). If in close proximity (typically 7
nm), photonic energy can be transferred from the first to the
second dye. In other words, a first fluorophore is photoexcited,
and because its emission band overlaps with the absorption band
of a second fluorophore, emission occurs from the second
fluorophore. A typical example is the fluorescein/rhodamine B
pair of dyes: fluorescein has a pH-dependent fluorescence, while
rhodamine B is inert to changes in pH. At an excitation
wavelength of 488 nm, for example by using the popular argon
ion laser, the ratio of green (512 nm) to yellow (550 nm)
fluorescence is a parameter for the actual pH value. Molecules
are typically kept in close proximity by incorporating them into
nanosized hydrophilic polymer particles. It is mandatory,
though, that the distance between donor and acceptor remains
constant (or is not affected by parameters other than the pH
value). FRET is also possible in case of using nanoparticles. The
FRET effect has to be clearly differentiated from the inner filter
effect. It should be mentioned that some nanosensors that make
use of the fluorescein-rhodamine pair do not utilize FRET since
these dyes are immobilized into the shell and the core of the
nanoparticle, respectively.

2.2.4. Inner Filter Effect. In such sensors, a fluorescent
particle (or a dye) is added that displays strong and pH-
independent fluorescence, examples being rhodamine B or
upconversion nanoparticles. On photoexcitation, these dyes
emit fluorescence that is absorbed via an inner filter effect (IFE)
by an added pH indicator whose acid form or conjugate base
form overlaps the emission of the inert fluorophore (particle)."*
Obviously, the inert dye or particle acts as a light source while
the pH indicator acts as an absorber of emitted light. Unlike in
FRET, there is no need for the inert fluorophore and pH
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indicator to be in close proximity, but concentrations usually
have to be higher to generate significant pH dependent signal
changes. The IFE does not affect the decay time of a
fluorophore.

2.2.5.Quenching of Fluorescence. The term quenching is
often used but not always in proper form. Many authors refer to
quenching whenever fluorescence intensity is reduced. For
instance, if the absorbance of a pH indicator dye drops at the
wavelength of absorption, fluorescence will also drop, but this is
not quenching. Rather, brightness (Bs) is reduced because
absorbance (&) drops. Remember that Bs is the product of € and
quantum yield. Decrease of luminescence intensity also may
occur due to variation in absorption or scattering of the sample.
A notorious example is a several-fold decrease in luminescence
intensity of a fiber optic sensor (containing no scattering
particles, see section 9 for more details) upon going from air into
an aqueous solution. According to the IUPAC Gold Book
(https://goldbook.iupac.org) luminescence quenching can be
defined as “Radiationless redistribution of excitation energy via
interaction (electronic energy or charge transfer) between an
emitting species and the quencher” so that decrease of the
luminescence intensity due to change in absorption of the
indicator, properties of the probe or hardware (e.g., bending of
fibers in fiber-optic sensors) cannot be considered as being
quenching.

In classical quenching,131 a quencher, such as iodide, a metal
ion, a nitro compound, or even the hydronium ion (H;0%),
quenches the fluorescence of a fluorophore or a particle. In other
words, photonic energy is no longer emitted by the quencher.
Quenching may be static or dynamic. In the former case, the
decay time remains unaffected, while in the latter case, it is
reduced.

Collisional quenching is best described by a Stern—Volmer
plot

fy 1+ K
po TR (17)
where F; and F are the fluorescence intensities (or decay times)
in the absence and presence, respectively, of the quencher being
present in concentration [Q] The Stern—Volmer constant (st)
is a quantitative parameter that characterizes quenching
efficiency. Plots can be linear, upward curved, or downward
curved. In many cases, dynamic and static quenching occur
simultaneously.
In this case, a modified Stern—Volmer eq 18 applies

% (1 + KLQ)*(1 + K[Q)

1+ (K; + K)[Q] + KK [Q (18)

where Ky is the dynamic quenching constant and K; is the static
quenching constant.

Quenching also can be caused by photoinduced electron
transfer (PET). PET is an excited state electron transfer process
where a photoexcited electron is transferred from the donor
(receptor group) to the fluorophore. With respect to sensing, the
PET caused by the unpaired electrons of amino or phenolate
groups has received most attention.”*'** A representative
quenchable fluorophore (naphthalimide) and two typical PET
quencher groups (that do not quench when protonated) are
shown in the following figure (Figure 9)."*° The free electron
pair at the amino or phenolate group quenches the fluorescence
of the fluorophore by PET. If, however, the electron pair binds to
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Figure 9. Structures of two PET-based fluorescent probes and
illustration of PET-based pH sensing. The PET groups can be attached
in R; or R, position.

aproton, PET is no longer possible, and fluorescence is switched
on.

The free enthalpy of the PET process AGpgy can be estimated
by the Weller equation’*°

AGpgr = E, (rec) — E, 4(fluor) — AE,, (fluor) — E}p

(19)
where E,(rec) is the first oxidation potential of the receptor
group, E,.4(fluor) is the first reduction potential of fluorophore,
AE,, (fluor) is the singlet excitation energy of the fluorophore,
and Ejp the ion pairing energy. Therefore, PET efficiency is high
if the PET group is easily oxidized (readily loses an electron in
the excited state) and the fluorophore is easily reduced.
Moreover, PET is more favorable for short-wavelength
fluorophores and in polar solvents."*”~"*°

2.2.6. Other Kinds of Energy Transfer. Dexter ET is
another kind of energy transfer. It is a short-range phenomenon
that involves electron transfer and whose efficiency drops
exponentially with distance (proportional to e where k is a
constant that depends on the inverse of the radius of the atom. A
further kind of quenching is referred to as surface energy transfer
(SET). It is most often observed with (metal) nanoparticles and
involves a metallic surface (such as that of gold nanoparticles)
and a molecular (organic) dipole. The organic acceptor
(quencher) usually does not fluoresce. In a typical example,
localized pH measurements were demonstrated by using
ratiometric SET.'*" A last group of quenchers are called “dark
quenchers”. They act very much like FRET pairs, except for the
fact that the acceptor dye is nonfluorescent. Hence, ratiometric
measurements (which usually are preferred) are not possible in
this case. Many authors do not exactly differentiate between
FRET, Dexter ET, SET, PET, dark quenching, collisional
quenching and even inner filter effects.

2.2.7. Dual Lifetime Referencing (DLR). DLR is a
universally applicable scheme for convertin% fluorescence
intensity into a ratiometric signal (Figure 10). 2 Hence, the
signal is hardly affected by many parameters except for leaching
and bleaching (see Table 4). It is based on the addition of an
inert luminescent reference dye/inorganic phosphor having
strongly overlapping excitation and emission spectra, but a decay
time that is much longer than that of the fluorescent indicator. In
case of using a phosphorescent luminophore as the reference
dye, the time domain typically is in the microsecond range, and
modulation frequencies typically are in the lower kHz range.

exc
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Figure 10. Principle of the DLR referencing for read-out of fluorescent sensors in time domain (left) and in frequency domain (right). The upper and
the lower rows reflect the situations with “switched on” and “switched off” pH indicator, respectively.
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escence decay times of all the dyes are >200 ns and thus
complete elimination of background fluorescence is possible in a
time-resolved measurement. Unfortunately, the set of potential
candidates for such a scheme is limited to only a few dye
representatives.

In contrast to luminophores, inorganic phosphors are inert in
respect to dissolution in solvent, leaching, oxygen quenching
and photobleaching. Generally, they can be prepared via solid
state synthesis or using a combustion technique and can be
further homogenized to give microcrystalline powders. The
limitations include lower luminescence brightness and some
dependency of the luminescence decay time on the size of
phosphor particles (explained by accumulation of defects in
crystal structure upon grinding), which results in lower batch-to-
batch reproducibility. Some phosphor classes (e.g., Eu(II)-based
oxynitride phosphors) show low hydrolytic stability in aqueous
media, which disqualifies them for use as reference materials in
pH sensors. Red and NIR-emitting phosphors used in DLR
referenced sensors include Cr(III)-activated gadolinium alumi-
num borate,"*”"*" Cr(III)-activated aluminum oxide (Ruby)">*
and calcium copper silicate (Egyptian blue)'** (Table S1).

Evidently, both time and frequency domain schemes cannot
compensate for varying levels of background fluorescence.
Autofluorescence would affect the ratio of intensities in the two
windows in the time-domain scheme or the phase shift in the
frequency domain and this can be erroneously interpreted as a
change of the pH value. The same refers to inelastically scattered
excitation light (Raman scattering). Whereas elastically
scattered light can be eliminated by appropriate selection of
the excitation wavelength and the emission filter, inelastically
scattered light may overlap with the emission from the indicator
or the reference. Additional optical isolation layer (see section
9.3 for details) shields the sensing material from the probe and
thus makes the sensor immune to variations in background
fluorescence and scattering. Unfortunately, this is not possible
for certain sensor formats such as nanoparticles as used in cells
or tissues.

Table 4 shows how efficient the various indicator based
optical schemes treated in sections 2.1, 2.2, and 2.2.3 can
eliminate potentially interfering optical effects. This summary is
valid for indicator-based sensing only.

2.3. Refractive Index Based Sensing

Such sensors are not based on the use of indicator dyes. Rather,
the signal is created by a pH-induced change in the refractive
index (RI) of a suitable (mostly hydrophilic) material. The
sensors are based on the use of a waveguide (fiber optics
included) that is coated with a 0.5 to S ym thick layer of the pH-
responsive material, usually a (de)protonable polymer.'>* The
angle of total reflection of light in a waveguide is affected by the
ratio of the refractive indices (RIs) of core and cladding. If bent
fibers are used, the change in RI may be so strong that light no
longer is totally reflected and is lost via a so-called leaky (or
lossy) mode. This is schematically shown in Figure 11. The
intensity of light will strongly drop when approaching or
exceeding a certain pH value.'> In a typical example, an optical
fiber lossy mode pH sensor was generated'*® that measures the
differences between transversal (electric; TE) and transversal
(magnetic; TM) polarized light. Alternating layers of poly-
(allylamine hydrochloride) and poly(acrylic acid) were placed
on side-polished D-shaped fibers. Two devices were constructed
to measure pH from 4.0 to 5.0 and from 7.0 to 8.0, respectively.
The sensors based on TE and TM lossy modes show a maximum

pubs.acs.org/CR
Cladding (low RI)
Core (high RI)
Light source / Leaky mode

Figure 11. Schematic of a fiber optic pH sensor based on measurement
of changes in refractive index (RI). If the RI of the cladding approaches
or exceeds the RI of the core, light will not be completely reflected at the
interface and get “lost”. This is referred to as a leaky mode.

sensitivity of 69 nm/pH. Numerous other kinds of geometries
for use in refractometry are known. By using a polymer whose RI
changes with pH value, any refractometer can—in principle at
least—Dbe converted into an optical pH sensor.

Various kinds of pH sensors (optical and others) have been
described. Most are based on the use of hydrogels, examples
being poly(meth)acrylates, poly(meth)acrylamides, polyur-
ethanes, cross-linked polyglycols, chitosan, poly(vinyl alcohols),
and copolymers like poly(acrylonitrile-co-polyacrylamide) (such
as HypanTM; with alternating hydrophilic and hydrophobic
domains), to give representative examples only. Figure 12 shows

Volume of hydrogel

SNA— AL

. gt ! .
acidic PK,, pH value pK, basic

Figure 12. Phase transition behavior of polyelectrolyte hydrogels.
Acidic hydrogels (red) swell in basic solution because of ionization by
deprotonation; basic hydrogels (blue swell in acidic solutions and
amphiphilic hydrogels (green) contain both acidic and basic groups and
therefore show two phase transitions. Adapted from ref 158 with public
license. Published by MDPL

the phase transition of polyelectrolyte hydrogels as a function of
pH value. Acidic hydrogels such as poly(methacrylic acid) are
dissociated at the carboxy group at pH values above 5 and then
swell as a result of electrostatic repulsion. Basic hydrogels, such
as polyallylamine, become protonated at the amino group at pH
values below 9 and then swell, again as a result of electrostatic
repulsion. In case of amphiphilic hydrogels or in case of mixtures
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Figure 13. Schematic of an SPR-based sensor. Incident (laser) light hits a gold film placed on a prism. Part of the light wave evanesces into the detection
area that consists of a pH-dependently swelling polymer. The angle of reflection depends on the refractive index of the coating, and this is detected by
plotting the intensity of reflected light versus the angle of incident light. Reprinted from ref 160 with public license. Published by MDPL

(or alternating layers), both effects can be seen. A severe
disadvantage of certain hydrogels may result from their
hysteretic response. This has to be tested in each single case."”’

2.4, Surface Plasmon Resonance Based Sensing

This method also is based on measurement of RI but treated
separately because detection is very different from other
methods. It is based on an effect referred to as surface plasmon
resonance (SPR). Here, the material is placed on a nm-thin film,
typically consisting of gold. Two experimental configurations
(the so-called Kretschmann and the Otto configuration,
respectively; see Figure 13) are widely used. In SPR, the angle
of resonance reflection depends on the refractive index (RI) of a
swellable coating. If the pH value governs swelling, it also
governs the angle of reflection."*” This method for measurement
of changes in RI (unlike the first one) is independent of
variations in light intensity as it measures the angle at which the
strongest reflection occurs.

A related SPR-based approach is based on the so-called
localized plasmon resonance of (gold) nanoparticles (rather than
of films). Gold nanoparticles and nanorods are known to
strongly absorb visible light (and to display colors from red to
blue). The color (and absorption maxima) change if such
nanoparticles are covered with thin layers of a swellable hydrogel
such as poly(methacrylic acid). Any pH-induced swelling or
deswelling of the hydrogel will cause a shift of the longitudinal
plasmonic absorption peak and, hence, of color.'®" Another
sensor of that kind was obtained'®> by measurement of the
electromagnetic resonances generated in a waveguide-nano-
coating interface. The incorporation of gold nanoparticles
(AuNPs) into swellable polymeric thin films leads to the
generation of two different electromagnetic resonances, namely,
localized surface plasmon resonance and lossy mode resonance.
These phenomena can be simultaneously observed in the
transmitted spectrum. The resulting device works in the pH
range from 4.0 to 6.0 and has a fast response.

This special kind of absorptiometry may be extended to
almost any combination of nanoparticles undergoing localized
plasmonic resonance with any polymer possessing a pH sensitive
RI to end up with a pH sensor. One must not forget, however,
that this approach in essence is absorbance-based. It suffers from
the typical limitations of absorptiometry (see section 2.1)
including errors resulting from the presence of other colored
absorbers and of light scattering particles, and of variations in the
intensity of light sources and the sensitivity of detectors.

2.5. Photonic Crystal Based Sensing

Such sensing schemes have not been widely used but have alarge
potential because color changes can be readily seen with bare
eyes. Their function also relies on changes in refractive index
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(RI), but in a way that is quite different from the sensors
discussed in sections 2.4 and 2.5. Photonic crystals (PhCs)
consist of a periodic arrangement (lattice) of regularly shaped
transparent materials whose dielectric constants are different.
Only light of a certain wavelength can pass the lattice. If the
structure of the lattice is changed (for example due to swelling by
varying the pH value of the water penetrating the lattice), the
wavelength of light that can pass the structure is changed (Figure
14). This can be detected instrumentally or visually.
Fundamentals and applications of PhCs for use in chemical
sensing and biosensing have been reviewed by Fenzl et al.'®®

dcos6

d
+ Swelling C < < < o

Figure 14. Simplified scheme of light reflection of ordered spheres in a
photonic crystal illustrating how the distance in crystals of defined
dimensionality (1D, 2D, or 3D) causes a change in the reflected
wavelength. Adapted with permission from ref 163. Copyright Wiley-
VCH Verlag GmbH & Co., KGaA, Weinheim 2014.

Depending on their dimensionality, PhCs can be subdivided
into three groups. One-dimensional PhCs are the simplest
variation where the periodicity exists in only one dimension.
These are also known as Bragg reflectors or Bragg stacks which
reflect one specific wavelength. Two-dimensional PhCs possess
periodicity in two spatial directions. Three-dimensional PhCs
are most common at present because methods for preparation
are simple and cheap. Self-assembly of nanoscopic, mono-
disperse spheres into a photonic crystal host is most often used.
The kinds of spheres include silica (SiO,), titania (TiO,), and
polyacrylates.

A schematic of a photonic crystal array consisting of dielectric
spheres within a dielectric medium (such as the solution whose
pH value is to be determined) is shown in Figure 14. By
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combining the well-known laws of Bragg (diffraction) and Snell
(refraction), the following equation is obtained:

2d(ng* — sin® 0)'2 = mA (1)

where d is the distance between particle planes, 7.4 is the mean
effective refractive index (RI), fis the angle of incident light, m is
the order of reflection, and 4 is the wavelength of the reflected
light. To sense pH values, a material has to be found whose Rl is
strongly affected by pH, for instance as a result of swelling. RI
can be resolved down to 0.001 units by using one-dimensional
PhCs of the Bragg reflector (Bragg stack) type.

It is interesting to note that research on PhCs has almost
exponentially grown in physical sciences, but not so far in
chemistry. In terms of sensing, PhCs have a very large potential,
not the least because sensing can be performed (a) over a wide
range of wavelengths (from the UV to the IR), (b) in numerous
formats that include fiber optics and fiber resonators,
birefringence, polarization, plasmonic resonance, or interferom-
etry, (c) in combination with numerous (bio)chemical receptors
that range from enzymes to aptamers, (d) in combination with
various kinds of materials including stimulus-responsive
polymers and nanomaterials such as noble metal nanoparticles,
and (e) by using techniques, such as multiplexing, pillar arrays,
or logic gating. It must be stated, however, that selectivity
remains a major challenge at least in chemical sensing because
most host materials are of the hydrophilic type and therefore will
be prone to interference due to changes in pH values and
salinity. Temperature also has a strong effect on the distance d
between particle planes.

2.6. Sensing of pH Values via the pH-Dependent Turbidity
of Hydrogels

Hydrogel films often shrink and then become opaque due to
phase separation. Many hydrogels also have a phase transition
temperature that is pH-dependent.'®* This can be used to sense
pH values via measurement of turbidity.'®> In an approach
reported by the Seitz group,166 colored microspheres were
incorporated into a hydrogel whose transmission for light
increases if the hydrogel absorbs water which depends on the pH
value. The changes of optical properties (absorbance, turbidity)
can be monitored as a transmission measurement using a
conventional spectrophotometer or a miniature fiber optic
spectrometer. Rooney et al.'®” describe another kind of pH
sensors based on measurement of turbidity. A membrane was
prepared by suspending aminated polystyrene microspheres (1
um in size) in hydroxyethyl methacrylate, which was then
polymerized to form a hydrogel. The resulting membranes are
turbid because the RI of the microspheres is larger than the RI of
the hydrogel. Turbidity is larger in basic medium and decreases
with increasing wavelength. In acidic milieu, protonation of the
amino group causes the polymer microspheres to swell. Swelling
affects turbidity, both by increasing microsphere diameter and
by reducing the microspheres’ RI so that it gets closer to the RI
of the hydrogel. These membranes can be used for optical
sensing in the visible and near-infrared regions, even at
wavelengths beyond 1 um as used for fiber optics tele-
communications. They have excellent long-term stability, but
response is slow because the required diffusion of protons into
the interior of the polymer is rather slow.

2.7. Infrared and Raman Spectroscopic Sensing
Infrared (IR) and Raman spectroscopy are based on the

absorption of light that leads to the stimulation of vibration of
molecules. In Raman spectroscopy, absorbed light is emitted at a

wavelength whose frequency is smaller by that of a typical
vibrational band of the molecule, typically expressed in cm™
units. IR sensors do not require the use of classical indicators.
Some sensors for pH values are referred to as near-IR sensors
because their analytical wavelength is below 1.5 ym, but in fact
they are based on the use of indicators that have NIR electronic
absorptions. Such sensors are not treated in this section. Fourier
transform IR (FTIR) spectroscopy is a commonly used variant.
Unlike in conventional IR spectroscopy, light is guided first
through an interferometer and then passes the sample (or vice
versa). The resulting “interferogram” represents light output as a
function of mirror position. Data are then processed by a
technique called Fourier transform, which converts them into the
desired spectrum (a plot of transmittance versus wavenumber).

Specifically referring to IR based pH sensing, virtually any
material may be used, at least in principle, as a coating, provided
its IR absorption varies with pH values. IR-bands with strong
transitions obviously are preferred, for example the bands of
amino groups or of carboxy groups. Materials, such as amines
(polyethylenimine), carboxylic acids (polyacrylates), and even
mixtures (which enable ratiometric sensing) typically are used
for sensing near-neutral pH values. Examples include ATR-
FTIR based sensors'®® and SERS-based sensors (by using the
pH-sensitive SERS reporter molecule 4-mercaptopyridine
deposited on the surface of single silver nanoparticles that act
as plasmonic signal enhancers)."*”'”® More alkaline or more
acidic pH values also may be covered by using hydrogels with
functional groups that have pK, values within the pH range of
interest. Such pH sensors often are used in combination with
nanomaterials to enhance SERS activity. A core—shell nano-
composite consisting of polyaniline and gold nanoparticles
(PANI@AuNPs) was shown'”" to enable intracellular monitor-
ing of pH values by SERS. The method exploits the pH-
responsive property of PANI and the SERS-enhancing effect of
AuNPs. The intensity of the PANT Raman peak at 1164 cm™
decreases on increasing the pH value from 4.6 to 7.4. This is the
pH range encountered in normal cells and in cancer cells. The
NPs were incorporated into HeLa cancer cells and other cells for
Raman based imaging of pH values. Generally spoken, the
number of Raman spectroscopy based pH sensors remains small.

2.8. Sensing of pH Values via Mechanical Displacement

If a swellable material is coupled to a reflector, its expansion will
cause the reflector to move. This can be measured by means of
interferometry or by measurement of the intensity of light
reflected by a reflector, both often by making use of optical fiber
systems. Swelling of a polymer placed on one side of a waveguide
also results in a physical stretch and slight bending of the
(flexible) waveguide, and this enlarges the grating period, which
can be measured by using a Bragg grating based detector. Fiber
Bragg grating sensors are fairly simple and in wide use in
methods other than chemical sensing. A swellable hydrogel was
used in such a sensor'”* to obtain an optical pH sensor based on
the effect of pH on RI. On swelling, the hydrogel pushes the
clamps fixed on the fiber grating to cause a physical stretch of the
fiber, which expands the grating period. Such a sensor resembles
the function of displacement sensors. In related work, a polymer
was used whose volume reversibly increases and decreases as a
function of pH. This causes a reflecting diaphragm to move, and
this in turn, changes the intensity of light reflected back into the
optical fiber.'”® This is schematically shown in Figure 15. The
scheme was also applied to microcantilevers coated with a
swellable polymer. These can convert pH values into a
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Figure 1S5. (a) Dual fiber sensor based on measurement of the
displacement of a reflector. Changes in polymer volume cause the
reflecting diaphragm to move, which in turn changes the intensity of
light reflected back into the optical fiber. (b) Principle of a
microcantilever-based pH sensor coated with a swellable hydrogel.
Adapted from ref 158 with public license. Published by MDPL

mechanical displacement as shown in Figure 15. The groups of
Zhang'”* and Peppas' "> used mechanical cantilever devices with
an optical read-out system as transducer element to monitor
changes in swelling of hydrogel coatings made from cross-linked
2-dimethylamino ethyl methacrylate or from poly(methacrylic
acid)-co-poly(ethylene glycol) dimethacrylate, respectively.
This causes a pH- 1nduced mechanical displacement of the
cantilever. Gerlach et al.'’ have prepared hydrogel blends, such
as poly(vinyl alcohol)/poly(acrylic acid) or poly(N-isopropyla-
crylamide), which are sensitive to pH values. They were placed
on silicon micromachined sensors and used to electrochemically
sense pH values. While not analyzed by an optical method, these
materials may work well in various kinds of optical sensors.

A reflection interference system based on displacement was
introduced'”” that uses metal island-coated pH-sensitive
swelling polymers. Gold nanoparticles coated with a hydrogel
layer were placed on top of a mirror to act as an optical thin-film
resonance system with reflection properties depending on the
thickness of the hydrogel layer. Changes in the thickness of the
hydrogel layer can be monitored by the slope of the
characteristic reflection minimum.

The Seitz group has studied the diffuse reflected light of
swellable hydrogels and found a significant change of the
reflection intensity after a change in volume. In one version,'”*
an optical reflective device was coupled to the swelling of an
amino-modified polystyrene membrane. In another version,'”” a
single fiber-optic pH sensor is described based on changes in
reflection accompanying polymer swelling. Diffuse reflection
occurs at interfaces between regions with a different refractive
index (RI), especially between the bulk polymer and the
aqueous solution in the pores. During polymer swelling the bulk
polymer dilutes with water causing its RI to decrease and
become closer to the RI of the water in the pore space. This
reduces the reflectance at the polymer—pore interface resulting
in a decrease of the reflected intensity. The system includes a
light emitting diode as a light source, a photodiode detector, and
a fiber optic coupler, which serves as a beam splitter. Yet another
chemo-mechanical-optical pH sensing mechanism relies on a
Fiber Bragg Gratmg (FBG) coated with single and multilayers of
ahydrogel. ** The device is based on the ionizable (protonable)
chemical functions inside the hydrogel which reversibly
dissociate as a function of the local pH value. Consequently,
an osmotic pressure difference is generated between the gel and
the solution. This pressure gradient causes the hydrogel to
deform which in turn induces secondary strain on the FBG
sensor and a shift in the Bragg wavelength.

2.9. Interferometric Sensing of pH Values

Numerous methods for interferometric sensing (IFS) are
known. Examples include Mach—Zehnder, Michelson, Sagnac,
Fabry—Perot, and other configurations). Interferometry can be
combined with leaky mode sensing (section 2.3), photonic
crystal sensing (see section 2.5), Bragg (fiber) gratings,
directional couplers, grating couplers and fiber gratings, twin-
core fibers, loop mirror sensors, Fresnel reflection, cascaded
microfiber knot resonators, ring resonators and all-fiber ring
lasers, and various others. This section differentiates between
IFS using stimuli-responsive polymers and IFS using pH-
indicators.

While intensity-modulation based IFS for pH are more easily
manufactured, they suffer from fluctuations in the light source
intensity. Wavelength-modulated sensors are not affected by
intensity fluctuations but suffer from a more complex fabrication
process.

2.9.1. Interferometric Sensing of pH Values Using
Stimuli-Responsive Polymers, Composites, and Layers.
These are most common but also least selective. Stimuli-
responsive polymers only in very rare cases respond to pH only.
This is because swelling and shrinking not only is affected by pH
but also by (a) any salt (ion) contained in a sample, (b) by
organic solvents, and (c) by proteins contained in a sample. It
does not come as a surprise that many methods for IFS have
been described in the scientific literature, but—unlike in case of
indicator-based pH sensors—not a single IFS has been
commercialized so far. Fiber Bragg grating (FBG) sensors are
fairly simple and have been often used. Figure 16 shows a
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Figure 16. Fiber Bragg grating showing the optical fiber core with the
grating, the input spectrum, and the transmitted spectrum, which lacks
the fraction that can be found in the reflected signal. The wavelength of
the reflected signal is strongly affected if pH (or any other parameter,
such as temperature) expands the grating period. Reprinted from ref
181 with public license. Published by MDPL

schematic presentation of a typical sensor (of which numerous
modifications do exist). In essence, it consists of a white
(multicolor) light source that passes the core of a fiber
possessing a Bragg grating. Depending on the RI of core and
fiber, most of the while light will be transmitted and spectrally
separated. However, a small band will not be transmitted but
reflected.

Interferometric sensing was accomplished,182 for example, by
using a waist-enlarged bitaper modified with a tantalum
pentoxide layer that displays high refractive index (RI). It was
coated with a poly(vinyl alcohol)/poly(acrylic acid) composite
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hydrogel to induce sensitivity to pH in the pH 2.5—6.5 range. In
another approach, a poly(vinyl alcohol)/poly(acrylic acid)
coating was applied in a photonic crystal sensor with laser
interrogation.'” Reflective diffraction gratings were coated with
a pH-sensitive hydrogel to construct diffraction gratings that
swell/shrink reversibly because of changes in pH."** Interfero-
metric analysis of the grating enabled detection of the hydrogel’s
motions with nanoscale precision and resulted in a resolution of
6 X 10~* pH units. The developed system is remarkably simple
both to fabricate and operate and yet is extremely sensitive.
Moreover, the concept of the reflective hydrogel grating is
generic and can be applied to sense a wide range of other
chemical stimuli. Wavelength-modulated pH sensors (that are
superior to intensity based interferometric sensors) were
described that use a pH-sensitive hydrogel with an optical
fiber Bragg grating.'®

Other work includes Fabry-interferometry using optical fibers
with pH-sensitive polymeric ultrathin coatings and based on
lossy-mode resonance' > or long-period fiber gratings.lgé In a
miniaturized Fabry—Perot pH sensor,'®” an optical fiber was
coated with poly(vinyl alcohol)- and poly(acrylic acid)-based
hydrogel. A section of a hollow-core photonic crystal fiber was
sandwiched between the lead-in single mode fiber and the
sensing fiber. Swelling induces optical path modulation when
exposed to varying pH solutions. The relative sensitivity is 11 nm
per pH unit in the 4.1 to 6.9 pH range. The method was later
extended to Mach—Zehnder interferometry using the same
materials."*”

Mach—Zehnder interferometric sensing of pH values by using
a sixggellable/ shrinkable hydrogel was demonstrated by Tou et
al.

A hydrogel consisting of poly[2-hydroxyethyl methacrylate-
co-2-(dimethylamino)ethyl methacrylate)] is used that has basic
(protonable) amino groups. These can be protonated/
deprotonated, and this changes the interference pattern. The
sensor covers the pH range from 6.5 to 8.5 and is claimed to have
a pH 0.004 “limit of detection” (which probably should read
precision or resolution). In-line Mach—Zehnder interferometry
and fiber Bragg gratings in combination with swellable hydrogels
was also reported by Lei et al.'” for simultaneous determination
of pH values and temperature. Mohammed'”' describes
photonic crystal fibers (PhC-Fs) for pH sensing via Mach—
Zehnder interferometry. Two PhC-Fs (2 and 4 cm long) were
fusion spliced between multimode fibers. The air holes in the
adhesive regions completely collapsed to result in a multimedia
interference pattern. Response is said to occur between pH 4
and 12, but the reason for the effect of pH is not explained.

2.9.2. Interferometric Sensing (IFS) of pH Values Using
pH-Indicators. IFS based on the use of colorimetric or
fluorescent probes is more selective but devices are more
difficult to make. In a typical experiment, an absorptiometric
indicator is incorporated in a thin film coating, and changes in
absorption or fluorescence are measured by combinations of
methods such as evanescent wave sensing and interferometry.
Examples include (2) a tapered single-mode optical fiber coated
with cellulose and various indicator dyes'®” that allows
measurement of pH values from 3 to 7.4 or from 8 to 11, (b)
interferometry via laterally adsorbed pH sensitive coatings
containing the indicator neutral red,'”” or (c) fibers coated with
a mix of Liquicoat (a metal alkoxide colloidal solution for the
deposition of antireflective coatings on surfaces and displays)
and various pH indicators;'”* the working range extends from

pH 1 to 6. The work was later extended to fluorometric
sensing.'”>

2.10. Sensing of pH-Values via Solvatochromic Fluorescent
Probes

Many polymers swell and shrink dependent on the local pH
values. This is associated with a change in the local polarity of the
water-penetrated polymer, and this may be detected by using
polarity-sensitive fluorescent probes. McCurley used a swelling
material (a copolymer prepared from acrylamide and
dimethylaminoethyl methacrylate) that undergoes pH-depend-
ent swelling and shrinking.”” The detection principle is based on
the protonation of the amino groups in the hydrogel.
Electrostatic repulsion between like-charged groups causes the
gel to expand. The polymer was doped with a fluorophore, which
acts as the transducer that indicates swelling. While the amount
of fluorophore remains constant, the gel volume changes in
response to a change in the ionization of the hydrogel. This in
turn, changes in response to pH. It must be emphasized that the
fluorophore used by the authors does not have a pH-dependent
fluorescence but is completely inert. Fluorescence increases
from 0.37 to 0.74 units on going from pH 3 to 5 but then remains
constant. The sensor was also applied to sense glucose via the
enzyme glucose oxidase which catalyzes the oxidation of glucose.
This is accompanied by a decrease in the local pH value.

2.11. Referenced (Ratiometric) Sensing

The terms referenced sensing and ratiometric sensing relate to
techniques, where the analytical (pH-dependent) optical signal
is related (referenced) to a second optical signal of the sensor
that is differently or not at all affected by pH values. Referencing
can eliminate many sources of error, including those resulting
from drifts in light source intensity, detector sensitivity, leaching,
bleaching, and swelling and from bending effects. Some methods
are intrinsically self-referenced, for example refractive index
based sensing, decay time based sensing, and the various dual
lifetime referenced based sensing schemes. These are discussed
in other sections. Also see Table 4.

Most methods for referenced sensing are based on ratioing
signals obtained at two wavelengths. The term two-wavelength
ratiometry (24R) is used for such methods in the following. 2AR
works in absorption, reflection, and emission. 2AR can be applied
to indicator based sensing and to stimulus-responsive polymers
possessing pH-dependent IR absorption bands. The main
options are summarized in the following.

(A) When using UV/vis absorbing or reflecting indicator
dyes:

(1) Measure the intensity of the indicator bands at 2
wavelengths, one going up in intensity with pH, the other going
down.

(2) Measure the intensity of the indicator bands at 2
wavelengths, one going up in intensity with pH, the other
remaining unaffected (at the so-called isosbestic point).

(3) Measure the intensity at 1 wavelength of the indicator dye,
and intensity at 1 wavelength of an added pH-irresponsive
reference dye; this is the method of choice if the indicator does
not display two distinct absorption bands or an isosbestic point
(as, for instance, in case of phenolphthalein).

(B) When using luminescent indicator dyes

(1) Measure the intensities of luminescence at a single
emission wavelength at 2 different excitation wavelengths (one
going up in intensity with pH, the other going down).

(2) Measure the intensities of luminescence at 2 emission
wavelengths at a single excitation wavelength (one going up in
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Figure 17. Overview of the most common absorptiometric indicators used in optical pH sensors.

intensity with pH, the other going down); this scheme also
works in the FRET mode.

(3) Measure the intensities of luminescence at 2 different
excitation wavelengths of the indicator dye at 2 emission
wavelengths (one going up in intensity with pH, one going
down); this method is rarely used because it makes the optical
system complex.

(4) Measure the intensities of luminescence at 2 well
separated emission wavelengths at a single excitation wave-
length; one band is the pH-dependent signal of an indicator, the
other is an inert signal caused by an added reference
fluorophore.

Other (more complex) combinations also are possible but
hardly used in practice.

(C) When using polymers that have pH-dependent
absorptions in the infrared (IR)

(1) Measure the intensity of two IR absorption bands, one
changing with pH (such as the bands for amino groups or
carboxy groups), the other remaining inert (such as those for
—CH,— groups)

(2) Measure the intensity of (a) any IR absorption band that
varies with pH and (b) of IR light scattered by the polymer
which is pH-independent.

Other (more complex) combinations also are possible but
hardly used in practice.

(D) Less common methods for 2AR include

(1) The use of covalently linked pairs of dyes, one has pH-
dependent colors, the other not. This is a modification of

scheme A3. Alternatively, the pair of dyes may consist of an ion
pair composed of a cationic and an anionic dye.

(2) The use of upconversion nanoparticles (UCNPs) coated
with a pH-indicator; UCNPs under NIR excitation display 2 or
more emission bands; if one emission band of the UCNPs is
screened off by the indicator and the other is not, the ratio of the
two signals is a direct parameter for pH.

(3) Measurement of the intensity of scattered light at 2
wavelengths of IR irradiation, one at a wavelength where
absorbance varies with pH values (for example that of amino
groups), and one at an inert wavelength where scattering is not
affected by pH variations.

(4) Raman and SERS based methods for 2AR, with methods
comparable to those used in IR absorptiometry.

2AR (and more complex methods of referencing) are widely
used in optical sensing schemes. They can be found in this
Review by searching for the terms referenced/referencing and
ratiometric.

It should be noted that two-wavelength ratiometric
techniques do not compensate for variations in the measured
sample associated with coloration of the probe, autofluorescence
or scattering providing that the sample is “visible” through the
sensing material. In certain sensor formats (such as absorptio-
metric and luminescent-based planar optodes and fiber-optic
sensors) application of additional optical isolation layer (see
section 9.3 for details) represents an efficient way to eliminate
these interferences. Evidently, such approach is not feasible for
other sensor formats, such as nanoparticle-based sensing.
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Figure 18. Overview of other absorptiometric indicators used in optical pH sensors.

3. OVERVIEW OF COMMONLY USED
ABSORPTIOMETRIC pH PROBES

The book by Bishop'”® and other literature give a wealth
of absorptiometric pH indicators (and also indicators for ions)
for use at pH ranges that extend from 0 to 14. Only relatively few
of them have been considered and applied for preparation of
absorptiometric pH sensors (Table S2). Most of them were
intended for application in aqueous solutions. The difficulties in
finding suitable combinations of indicator and proper host
chemistry are mainly due to the requirements and limitations of
absorptiometric sensing. Disregarding complex sensing
schemes, such as inner-filter effect based read-out (section
2.2.4), the spectral changes of absorptiometric probes upon pH
variation can be detected using absorption or reflectance. To
achieve sufficient modulation of the signal, high indicator
concentrations are used, requiring the dye to be highly soluble in
the immobilization matrix without aggregation. The thickness of
the sensing layer can be increased which however increases the
response time. Alternatively, the optical path through the sensor
film can be increased by using different measurement geo-
metries, such as evanescent wave-based read-out (section 14.3).
As a trade-off, the size of the sensor is increased significantly.

To enable the best performance, absorptiometric pH probes
ideally should not only display pronounced spectral changes
upon pH variation but also should possess (a) high molar
absorption coefficients, (b) high chemical and photochemical
stability, (c) good solubility in immobilization matrices, or (d)
have adequate functionality to be covalently coupled in order to
prevent leaching (section 6). Similar to luminescent dyes,
absorptiometric indicators should not be highly charged to
reduce the cross-sensitivity to ionic strength (section 1.6).
Depending on the desired application, spectral range and pK, are
the most important selection criteria.

Most popular indicator dyes for application in absorptio-
metric sensors belong to the group of azo-
dyes, 1S™17237076.194201-239 b oiy B2,194,225,226.240-250 o
fophthalein (ref 19, 22, 32, 34, 35, 38, 43, 45, 63, 71, 102,
194, 213, 222, 226, 232—235, 241, 245—248, 251—321), and
other triphenylmethane dyes!SS0224236252263302,322-325 (g0
ure 17). Less common indicators belong to the groups of

197—-200

L 32632 . 69,330-33 .
cyanines, ? porphyrins,®”?*°~%3% and other classes (Figure

18; description below).0076111,340=350
3.1. Sulfophthalein Dyes

The group of sulfophthalein dyes is based on the chemical
structure of phenol red (Figure 17). Prepared by Peterson and
co-workers back in 1980,” the first fiber optic pH sensors used
phenol red as indicator embedded into polyacrylamide micro-
spheres. Since then, numerous researchers utilized phenol red in
optical pH sensors, which is by far the most commonly used pH
probe (22,32, 33,43, 45, 222, 226,232, 234, 241, 247, 284, 288,
306, 307,309—311, 314, 321, 351, 352). Such popularity can be
explained by the response over the physiological pH range and
its commercial availability. The properties of the sulfophthalein
dyes are typically varied by the substitution pattern on the two
phenol rings. In general, the pK, is increased by electron-rich
substituents (such as alkyl) and is decreased by electron
withdrawing substituents (such as halogens). Standard sulfoph-
thalein dyes have two protonation equilibria (Figure 17), form I
in highly acidic regions, form II in acidic to neutral regions, and
form IIT under alkaline conditions. Contrary to related phthalein
dyes, sulfophthaleins are much less inclined toward formation of
colorless carbinols under highly alkaline conditions.”® In
aqueous media, the pK, values of sulfophthaleins span from
approximately 1.4 to 9.5. In alkaline media, the indicators exist in
the sulfonate form and are, therefore, well water soluble. Because
of the negative charge, the sulfonate groups enable strong
electrostatic immobilization on ion exchange res-
ns.265273,299,300317,318 rThie Lowever, increases the cross-talk
to ionic strength due to high charge of the matrix and may
introduce hysteresis and impaired diffusion due to Donnan
potential. Leaching of positively or negatively charged indicators
can be reduced by replacing the usually inorganic counterion
(such as sodium ion or chloride) by an organic counter-
on.>>**>3 In case of cationic polar indicators (such as those
carrying a quaternized pyridinium group or various metal—
ligand complexes), the conventional counterion (such as
chloride) is replaced by an organic counterion, such as
dodecylsulfate or trimethylsilylpropylsulfate. In case of anionic
polar indicators (such as those carrying sulfo groups), the
conventional counterion (sodium) is replaced by an organic
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counterion such as methylpyridinium or trimethyldodecylam-
monium.>*® This method also is an excellent method to render
ionic dyes soluble in less polar polymer matrices such as
polystyrene. In some cases, cationic ruthenium(II) based
fluorophores have been ion paired with anionic pH indicator
dyes to obtain smart pH indicating ion pairs.”*’

Sulfophthalein based sensors have been prepared using
styrene-divinylbenzene copolymers (refs 19, 22, 43, 45, 102,
245, 253, 265, 273, 288—291, 298, and 306), agarose,””’
cellulose, *#213232-234263276302,351 ol on 6 fihers 241 pyA, 310
PVC, 7234290 pVI,>¥7 7% sol—gel (refs 194, 226, 252, 254,
255,257, 259—262, 267,269, 272, 277,279, 281—284, 286, 293,
294, 301, 311, 312, 314, 352), SiO,—TiO, com-

o 246,247,266,316 1.254,256,258,264,268,270,271,280,321
posites, and ormosils
as immobilization matrices.

Leaching of the dyes can be eliminated via covalent coupling
to the immobilization matrix. For instance, carboxy- or
glutathione-modified dyes can be coupled via amide linkage to
amino TentaGel S, amino rol_)?rlated glasses, or aminohydrox-
ypropylated cellophane.”>*>**! Azo dyes have been coupled to
diazotized glasses,ls’222 and to cellulose,'® certain dyes
copolymerized with acrylamide,” amino-modified dyes coupled
to chlorosulfonated polystyrene to form sulfonamides®*® and
hydroxymethyl-modified dyes have been liked to poly(vinyl
alcohol).’"” Covalent coupling and other immobilization
techniques are discussed in detail in section 6.

3.2. Phthalein Dyes

Phthaleins also belong to the triphenylmethane dyes and are
structurally similar to sulfophthaleins (Figure 17). Compared to
the latter, there is much less structural diversity among
phthaleins; the dyes used for preparation of sensors are limited
to phenolphthalein, a-naphtholphthalein, o-cresolphthalein, and
thymolphthalein. Protonation equilibria are similar to the
sulfophthaleins, apart from their tendency toward the formation
of colorless carbinols under highly alkaline conditions. The
analytical range is more in the alkaline pH region with pK, values
from 8.5—10.0. Phthaleins are readily water-soluble in their
alkaline form as carboxylates, in contrast to the hardly soluble
acidic form. For covalent immobilization, the same procedures
as for sulfophthaleins have been used. Additionally, phenolph-
thaleins were coufled to aminated PAN fibers via Mannich
reaction.””>**°~*** Phthaleins have also been immobilized in or
on nylon-6,""" PVA,*** PAN/PA6.6 composites,”*® styrene-
divinylbenzene copolymers,”** cellulose materials,”** silica—
titania sol—gel,”**~*****" and silica sol—gel.**>'?*>*%*%

Apart from the phthalein and sulfophthalein dyes, only
relatively few other triphenylmethane dyes have been used for
the preparation of sensors. Limitations of triphenylmethane dyes
include the formation of polyvalent ions introducing strong
influence of ionic strength, poor stability in their acidic form, and
poor photostability.'*®

3.3. Azo Dyes

Azo dyes contain an azo linkage between two sp” carbons in their
structure. Dyes used as pH indicators usually have hydroxyl or
amino groups, building up the classes of hydroxyazo or
aminoazo dyes, respectively (Figure 17). The protonation
responsible for the color change can take place at the nitrogen of
the azo-group or at peripheral nitrogens.”® Protonation of the
azo group results in a bathochromic shift of the absorption
peak.” On the contrary, protonation of peripheral amino
nitrogens gives rise to a hypsochromic shift, often into the UV

part of the spectrum.”*® Among the dyes used for sensors, a wide

pK, range in solution is covered from 0.5 for a vinylsulfonyl azo
dye'” to 13.5 for Solo chrome dark blue.'”® Because of their
origin as indicators for aqueous solutions, many azo dyes have
additional polar groups such as carboxylic acid or sulfonic acids
to increase solubility in aqueous media. Therefore, covalent
immobilization of the dyes is particularly important. Special to
azo dyes is the possibility to directly synthesize them onto
diazotized glass substrates'>*** or onto modified PAN fibers via
azo coupling.”*’

A popular method for covalent immobilization on cellulose is
based on vinylsulfonyl chemistry known from textile industry
(where it is known as the Remazol process).16’17’76’209’237_239
Numerous 6pH indicators were mainly immobilized on cellulose
materials,' 7729209237238 1y 4 typical process,''" the azo dye
N9 (as used in indicator paper strips from Merck and others) is
covalently immobilized on a commercial plotter foil (Hewlett-
Packard, product 1770311). The foil is composed of a 100-um
polyester layer covered, on both sides, with layers of cellulose
acetate. One of the two layers was removed by treatment with
acetone. The other side of the foil (still coated with cellulose
triacetate) served as the substrate for the immobilization of N9
via the Remazol method in strong sulfuric acid. Such sensors
were used to manufacture protective clothing and to monitor
wound healing or the pH of human body fluids.”*”*"**>* Mohr
and co-workers prepared a variety of cellulose-based sensors and
textiles, includin§ T-shirts, facecloths, and cotton
swabs, 16:17:209,237,238,360

Reported covalent immobilization strategies also include
reaction of triazine coupled azo dyes with cellulose,”*® coupling
via an acetal bond between an aldehyde prepared from
vinylsulfonyl dyes to PVA,*"**® copolymerization of vinyl-
sulfonyl dyes with acrylic monomers,””* coupling of Congo red
to agarose after activation with epichlorohydrin,”'**'* carbo-
diimide coupling of Congo red to poly-HEMA,”'” and sol—gel
reaction with trimethoxysilane coupled methyl red.”** Other
immobilization matrices used for preparation of sensors are
agarose,”'* $i0,—~ZrO, organic polymer composite,”"*** poly-
HEMA,*"” PAN fibers,*** florisil,*** sol—ge1,194’226_228 nylon-
6,7°>**" styrene-divinylbenzene copolymers,”*® polycaprolac-
tone and polycaprolactone/chitosan blends,”” polyamide
6.6>°° pvC2r hydrogel D4,>** and most importantly,
cellulose materials (c.f. application as dye-
stuff).|©17,2376203-206,209212,213,215,216218-221,236-238 1 o par.
ticularly simple but efficient method, the azo dye calcone [1-(2-
hydroxy-1-naphthylazo)-2-naphthol-4-sulfonate; also referred
to as Eriochrome blue black] was immobilized on a porous
cellulosic polymer film**' to obtain a sensor strip for fully
reversible pH measurement in the pH range of 4—9 with a
response time of <5 min. The color of the membrane changes
from pink to blue on going from acidic to basic medium.
Ratiometric sensing was accomplished at wavelengths of 510
and 670 nm.

3.4. Other Dye Classes

From other dyes classes, only a few selected representatives have
found application for preparation of absorptiometric sensors
(Figure 18). Known from staining in histology, neutral red has a
pK, of 7.4 and only a small cross-talk to ionic strength in aqueous
solution. The dye has been immobilized into agaros<e,346’362
hydrolyzed cellulose acetate,”'®*'*7>*% styrene-divinylbenzene
288 .1 348
copolymers, ormosil, sol—gel, and sol—gel—Nafion
L 252,259 .
composites and adsorbed onto a support using the layer-
by-layer technique.”*” Also known from staining and some
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extent fluorescence microscopy, Nile blue or its lipophilized
derivatives have been used in the preparation of };H sensors for
broad ranges in mixtures’®® or sensor arrays**>~>***** or to
widen the pH range using dynamic approaches.”'”>** Although
explosive, highly toxic and cross sensitive toward potassium,
dipicrylamine has been used to measure in the highly acidic pH
range from 0 to 3.2, either covalently immobilized or adsorbed
on triacetyl cellulose.”***%*

In search for NIR pH indicators, Lehmann et al. have
developed indicators based on pyridine and aniline units that
were connected via methine bridges.”*” They have pK,, values of
5.65 and 6.35 in water—isopropanol solutions. The absorption
maxima peak at 675 and 850 nm when immobilized in
plasticized PVC, and this enables 2-wavelength ratiometric
sensing. Hazneci et al. investigated Schiff bases for absorptio-
metric and fluorometric sensing in the pH 3—7.8 range.’®® The
Schiff bases, derived from p-dimethylaminobenzaldehyde or 2,6-
diacetylpyridine, were placed in thin films of plasticized PVC on
a polyester support. The display yellow color (absorption peaks
near 350 and 415 nm) and the 2,6-diacetylpyridine-derived films
also display blue-green fluorescence. Response is adversely
affected by ionic strength, and the addition of an antioxidant is
required to improve stability beyond a few days. Many Schiff
bases are prone to decomposition by slow hydrolysis of the
>C=N- double bond.

Porphyrinoids attracted attention for use in optical pH sensors
due to their high molar absorption coeflicients. Among
porphyrinoids, the free base porphyrinoids inherently possess
pH sensitive groups. The pyrrolic nitrogens can be protonated,
stepwise forming the mono- and dication, which is accompanied
by a distinct change in spectral properties. This process typically
occurs below pH § making porphyrinoids potentially interesting
only for sensing in acidic conditions. As porphyrinoids are
capable of forming many different metal complexes, sensors are
susceptible to coordination/poisoning of metals that are capable
of complexation under mild conditions. The complexation
renders the indicator dyes pH insensitive. The copolymerization
of protoporphyrin IX with acrylamide and N,N’-methylene
bis(acrylamide) gives a pH sensitive film for the highly acidic
range from 0.15 to 2 molar strong acids.”* Igarashi electro-
statically immobilized a meso-tetrakis(4-N-
trimethylaminophenyl)porphyrin on sulfonated polystyrene
and measured pH in the range from 1.5 to 4.5, little data
about the sensing performance of the highly charged system was
given.”” Gulino et al. prepared porphyrin monolayers
covalently bound to silica surfaces and measured from pH 1 to
57377 The performance of the sensor was found to be
hampered by Hg(II), Cu(Il), and Zn(II) because of the
formation of metal complexes. Delmarre and co-workers
entrapped $,10,15,20-tetra(4-sulfonato)porphyrin in a sol gel
matrix and measured pH from 3 to 4.4.°° Below pH 1, they
reported formation of J-aggregates, due to migration of
porphyrins in the sol gel.

In contrast to free-base porphyrins, metalloporphyrins are
intrinsically pH insensitive and modification of the porphyrin
core is necessary to obtain pH sensitivity. Metal complexes of
porpholactones (Figure 18) also lack a protonable group but are
susceptible to reversible addition of a hydroxyl ion to the
lactone, forming chlorin-like species with different spectral
properties.””' ™% Briickner’s group incorporated various
PEGylated metal porpholactones into Nafion.*** The Pt(II)
and Ga(IIl) complexes can indicate pH with a response time of
approximately 3 min in ranges from pH 10.5—-13 and 8-11,

respectively. The sensors displayed cross sensitivity toward
cyanide ions, which nucleophilically attack the lactone. The
same Pt(II) porpholactone has been used to prepare a sprayable
paint for pH imaging on cement-based materials.”*

pH sensitive groups also can be introduced into metal-
loporphyrins by modification of the meso-position, such as
introduction of a Schiff base or phenol moiety.””*** For
example, Blair et al. electropolymerized a cobalt tetrakis(4-
hydroxyphenyl)porphyrin onto indium—tin oxide glass slides
and measured pH in the range from 8 to 12 within 5 min.>**
Papkovsky and co-workers investigated a Pd(II) porphyrin
Schiff base and a free base porphyrin ketone for pH sensing in
plasticized PVC membranes covering the ranges 5.5—8.5 and
3.5—7.5, respectively, with response times below 100 s.°” Later,
the Pd(IT) complex and also its Pt(II) analogue were reported to
offer unique dual sensitivity acting as an absorptiometric pH
indicator and a phosphorescent oxygen probe. Apparent pK,
values shifted 0.15 units increasing the buffer temperature from
20 to 37 °C and 0.1 unit when increasing ionic strength by 0.05
IRVES

Cyanine dyes are known from their use as tunable
fluorescent labels with large molar absorptions. Their poor
solubility, especially in commonly used plasticizers for PVC
membranes,”* their tendency toward aggregation and their
limited photostability hinder practical application. A NIR
absorbing cyanine dye immobilized in Nafion®® showing
response between pH 10 and 13 belongs to earlier examples
of cyanine-based pH sensors. Several groups attempted to
overcome some of the above limitations to make this group of
dyes more suitable for optical pH sensing. Miltsov and co-
workers developed pH sensors based on cyanine structures
absorbing in the red to NIR region with increased solubility in
organic media.”****”**’ Immobilized in plasticized PVC, several
hemicyanines (Figure 18) were found to have linear ranges from
pH 8.1—10 to 9.8—12 with response times (tys) from 1-2.5
min.**® The sensor membranes favorably displayed absorption
peaks close to the emission wavelengths of laser diodes at 650
and 670 nm, and no hysteresis. Even more red-shifted,
differently substituted ketocyanines (Figure 18) possess
absorption maxima in the range from 727 to 771 nm when
immobilized in plasticized PVC.””” Response times lie in the
range from 0.5 to 3.6 min. PVC membranes doped with NIR
nortricarbocyanine dyes cover the pH ranges from pH 2.5—35 to
pH 7—9.%*" The immobilized dyes absorb in the range from 793
to 834 nm and pH can be measured within 0.6—1 min. Similar to
cyanines, these dyes suffer from poor photostability and rapidly
decompose. Hisamoto et al. described a method for sensing of
either pseudo-pH values or water content in organic solvents
using merocyanines.”>® Copolymerized with HEMA and
diethylene glycol monomethyl ether methacrylate, the mer-
ocyanines displayed a water content dependent shift of the
absorption peak that was also pH independent; for a given
solvent/water mixture, the absorbance was a function of pH.

Aza-BODIPYs represent a class of highly fluorescent pH
indicators with absorption bands in the red to NIR region with
remarkable photostability and molar absorption coeflicients
(section 4.1). They can be converted to absorptiometric pH
indicators by permanently “switching off” the fluorescence at pH
higher than 4 (Figure 18).

In food industry, pH sensor foils based on absorptiometric
indicator dyes are investigated for unaided eye detection of food
spoilage in smart packaging. Food spoilage caused by microbial
activity is accompanied by production of metabolites such as

367,368
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basic nitrogen compounds, which can be detected by pH
sensors. To ensure the safety of the consumer, indicator dyes
and matrices need to be toxicologically harmless. For this reason,
natural dyes extracted from foodstuff have been investigated for
their suitability as absorptiometric probes, among them,
curcumin and various anthocyanines.”**™*** The purification
of extracted dyes, however, is either tedious, when pure
substances are desired, or gives dye mixtures impairing
reproducibility. Application of curcumin and anthocyanines is
also limited by their stability. Under given limitations, the sensor
foils often may not be suitable for actual sensing, but give only
qualitative estimations. For example, Veiga-Santos et al.
prepared an edible pH sensitive membrane based on cassava
starch and anthocyanines extracted from Merlot grapes, which
however was only suitable for visual discrimination between
highly acidic and highly basic pH.>*” Yoshida et al. also used
anthocyanines extracted from grapes but chitosan as immobi-
lization matrix.**' Immobilized in the same matrix, anthocya-
nines responded to pH changes in the range from 2.2 to 9
making the sensor suitable for visual detection.’*’ Abolghasemi
et al. covalently immobilized anthocyanines on agarose after
activation with epichlorohydrin.”** At 540 nm, the sensor film
responded to pH changes in the range 1—10 within 3 min.
Another food-related pH sensing material is based on curcumin
and bacterial cellulose as immobilization matrix and is
responsive from pH 6—10.>*" For textile application, curcumin
was also immobilized on cotton and polyamide 6.6 fabrics,
giving pH responsive materials in the ranges from pH 6.5—8.5
and 8.5—13, respectively.”*> Apart from natural dyes, also a
commercially available Nile blue derivative (Chromoionophore
I) has been proposed.’”’

In contrast to (metal)organic dyes, absorptiometric probes
based on other materials are very rare. In fact, only a few sensors
utilize the pH-dependent absorption in conjugated polymers
such as polyanilines and polypyrroles (section 7.2). An
uncommon sensor based on inorganic pigment Prussian blue
was reported by Koncki and co-workers.””>*”" The authors
utilized the reversible decomposition of Prussian blue to
determine pH in the range 5—9. Prussian blue is attacked by
hydroxide ions, involving the disappearance of its near-infrared
absorption peak at 720 nm. At pH values above 9, the reaction
becomes irreversible due to the destruction of the zeolitic
structure and escape of Fe(CN)4*™ from the films. Composite
films of Prussian blue and N-substituted polypyrroles were
reported to have response times of 30 s and no interference by
ionic strength. On the other hand, Prussian blue is known to be
easily reduced to Prussian white so that the sensor is likely to
suffer from interference by reducing species.’””

3

4. OVERVIEW OF COMMONLY USED LUMINESCENT
pH PROBES

Luminescent molecular probes for pH can be divided into two
main groups—fluorescent probes based on organic dyes and
phosphorescent probes based on metal—organic complexes.
The number of organic fluorescent pH indicators is impressive,
while less metal—organic probes have been reported. An
overview on commonly used pH-sensitive fluorescent probes
was given already in 1983, also with respect to their suitability for
use in optical sensors.’® The indicators were divided into two
classes. Class A comprises pH indicators that undergo a
bathochromic spectral shift on deprotonation. These, typically,
are phenols or sulfonamides. Class B comprises indicators that
undergo a bathochromic shift on protonation. These, typically,
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are nitrogen ring compounds, such as quinines or acridines.
Since then, the number of fluorescent pH indicator classes has
increased considerably, and numerous systems making use of
photoinduced electron transfer (hardly showing any spectral
shift upon (de)protonation) have been introduced.

Metal—ligand complexes have long decay times and can be
particularly valuable in time-resolved or lifetime-based sensing
and imaging. On the other hand, only a few classes of metal—
organic dyes show strong room temperature phosphorescence.
These comprise primarily porphyrin complexes with platinum
group metals but also ruthenium polypyridyl complexes,
cyclometalated complexes of platinum(II) and iridium(III), as
well as lanthanide chelates. Even within these classes, the choice
of suitable systems is further limited due to poor brightness
(molar absorption coefficients of most cyclometalated com-
plexes), short wavelength excitation (terbium(III) chelates) or
too long phosphorescence lifetime (palladium(II) and
platinum(II) porphyrins), which results in strong cross-
sensitivity to oxygen in virtually any proton-permeable matrix.

The following characteristics of luminescent probes should be
considered apart from the pK, value, the compatibility to the
matrix material, and the ease of availability:

e Spectral properties. Excitation with UV light is associated
with high levels of background fluorescence generated by
the sample and optoelectronic components (fibers, filters
etc.). Therefore, longer wavelength of excitation is
preferred. Far red and NIR (including those based on
upconversion) probes are preferred for in vivo applica-
tions due to high transparency of tissues to excitation and
emission light and low light scattering. In other sensor
formats, background fluorescence can be eliminated by
using additional coatings (section 9.3). The choice of the
indicator is also guided by its spectral compatibility with
excitation sources and detectors, such as LEDs or lasers.

Brightness (Bs). It is defined as a product of molar
absorption coefficient £ and luminescence quantum yield
QY. High brightness (Bs > 20 000) enables preparation of
thin sensing layers featuring fast dynamic response.
Generally, luminescence brightness of NIR indicators is
lower than that of UV—vis probes because of the smaller
energy gap between the excited and the ground state and
consequently more efficient radiationless deactivation.

Stokes shift. Symmetrical fluorescent dyes often show
very strong overlap between the absorption and emission
spectra. Therefore, the “useful brightness” for these dyes is
typically much lower than the nominal one. In fact, to
avoid crossover of the excitation light into the emission
channel, either excitation should be performed at
wavelengths that are significantly shorter than the
absorption maximum or the emission filter is chosen
such that only the long-wavelength part of the emission is
collected. Evidently, this results in significant loss of
brightness. On the other hand, the dyes, which feature
lower € and QY but larger Stokes shifts allow excitation at
the absorption maximum and collection of almost entire
luminescence. Some fluorescent indicators feature a
rather intense shoulder (rhodamines) or even another
maximum (perylenes) at shorter wavelength in addition
to the main maximum of the excitation spectrum, which
can also be very useful. Notably, phosphorescent dyes
almost always exhibit large Stokes shifts (>2500 cm™).

https://dx.doi.org/10.1021/acs.chemrev.0c00451
Chem. Rev. 2020, 120, 12357—12489


pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00451?ref=pdf

Chemical Reviews

pubs.acs.org/CR

R iR 4 4
© HPTS DHPDS
R
I C
OO
HO [0)
o]

efficient PET

quenching
A\N

)
R =alkyl, silane etc. K/
Rhosamine NH

)

*H,N

N
|
YN HO o O
. - O
0" N v
H

7-hydroxycoumarin

Figure 19. Different classes of pH indicators, which found application in optical sensors (part 1/2, other part see Figure 20). Numerous other dyes

reported have been reported as molecular probes and are described in detail elsewhere.

99,197

e Photostability. Although high photostability is always
desirable, the suitability of the indicator will depend on
the application. For instance, even fairly photostable
probes can degrade fast at high light intensities, which are
characteristic of fiber-optic microsensors and in micro-

scopy.
4.1. Organic Probes

Fluorescent pH probes based on organic dyes can be divided
into several groups, namely, (i) fluorophores undergoing
classical acid base chemistry; some also undergoing photo-
induced proton transfer (PIPT) and (ii) dyes that undergo
photoinduced electron transfer (PET).

The first group involves probes that usually have phenol
groups as a part of chromophoric system (such as in fluorescein
or HPTS) or aromatic rings containing protonable nitrogen
atoms (such as in pyridines, quinines, or oxazines), or
dissociable groups, such as —SO,—NH-R, attached to a
chromophore. The second group consists of dyes that have
protonable groups (such as tertiary amino groups or phenols)
that are not part of the z-electron system of a fluorophore. The
major difference between classical pH indicators of the first type
and PET probes is that the absorption and emission spectra of
PET probes hardly change with pH values because the quencher
group usually is not part of the color-forming system.

Phenolic fluorophores of the first group are often present as a
mixture of phenol and phenolate, and the equilibrium between
the two is governed by the local pH value. Most often, the
fluorescence of the phenolate is photoexcited (such as in case of
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fluoresceins or HPTS), and if the absorption of the phenolate
form disappears at low pH values, no light is absorbed at this
wavelength and the fluorescence of the phenolate also
disappears. If the decay time of the phenolic form of the
fluorescent pH indicator is long enough, photodissociation may
occur. This is due to the fact that many phenols are stronger
acids in the first excited singlet state than in the ground state.
The excited state pK, value can be calculated from absorption
and emission spectra via the so-called Forster—Weller cycle (see
section 1.5). Hence, even if the phenol becomes photoexcited,
fluorescence occurs from the excited state anion due to rapid
photodissociation, such as in case of HPTS (Figure 19) or many
7-hydroxycoumarins. The phenol forms of fluoresceins and
other xanthenes undergo less efficient photodissociation and
have lower quantum yields.

Photoinduced electron transfer (PET; also see section 2.2)
occurs with indicators consisting of a pH-insensitive fluorophore
and a receptor group, most prominently aliphatic or aromatic
amines or phenols (Figure 9). The PET effect occurs if the
HOMO of the amine has an energy level that is higher than that
of the fluorophore. Electron transfer is associated with
quenching of the fluorophore. If the amino group becomes
protonated, no electron transfer can occur and quenching is
suppressed. The main advantage of PET based indicators is their
versatility. Numerous fluorophores may be attached to a
receptor group with the desired pK, value. However, not every
PET group quenches a fluorophore.””

https://dx.doi.org/10.1021/acs.chemrev.0c00451
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The aliphatic amines, by far, represent the most common
receptor group for PET based indicators. These, however, act as
efficient fluorescence quenchers only in combination with
certain chromophores, and are not suitable for modulation of
fluorescent properties in other dyes. Aigner et al. compared the
pH sensing properties of various fluorophores modified with
aliphatic amine and phenol receptors at the same position.””
Among investigated chromophores, fluorescein, rhodamine,
diketopyrrolopyrroles and perylene dyes were found to be
quenched efficiently solely by phenolate, whereas tertiary
amines modulate fluorescence only in case of some perylene
dyes. In fact, efficient quenching by amines was possible only for
the perylene-diimide (PDI) substituted at the core with
electron-withdrawing chlorine atoms (Figure 20).>”* For
comparison, perylenes substituted with electron-donating
substituents (phenoxy or morpholine) showed moderate (2-
fold) or no quenching at all, respectively. A study on model
receptor compounds revealed that the oxidation potential of
triethylamine is 0.26 V higher than that of deprotonated 2,6-
dichlorophenol, which confirms more favorable PET in case of
the latter.

4.1.1. HPTS and Derivatives.”*>7¢":8%37473%3 g Hydrox-
ypyrene-1,3,6-trisulfonate (Figure 19 R = O™Na*) is a highly
water-soluble pH indicator dye with a pK, around 7.3 in aqueous
solution. HPTS belongs to the class of dyes with photoinduced
proton transfer in the excited state. Only the green emission
from the deprotonated form around 510 nm is observed upon
excitation of the protonated or deprotonated form, absorbing
around 405 and 465 nm, respectively. These two absorption
bands enable referenced ratiometric measurement. The anion

features a molar absorption of around 20 000 M~ cm™ and a
quantum yield close to unity. For preparation of sensing
membranes, the hi (ghly charged dye requires covalent immobi-
lization2®61/80,376,377,379,381,384,386,393,394 o ool
tion”*>**>3%%3% o minimize leaching to an acceptable level.
In this form, HPTS is widely used in commercial pH sensors. In
a few cases, anion-exchange resins or cellulose acetate’”>37%389
were used for electrostatic immobilization, but the indicator
immobilized in these matrices is prone to gradual leaching and
displays strong sensitivity to ionic strength.**”**” Hydrophobic
sulfonamide derivatives of HPTS (R = NH-alkyl or N(alkyl),,
Figure 19)*"#%3%93% ¢an overcome this problem and enable
immobilization in hydrogel,”’**** PVC,> or poly(styrene-
block-vinylpyrrolidone) nanobeads®*>**° with negligible leach-
ing. The spectral properties of these dyes, however, are strongly
affected by the substitution. In fact, it results in a strong
bathochromic shift of absorption of the protonated and
deprotonated forms of the dye. Additionally, the emission is
observed from both forms. HPTS can also be rendered lipophilic
by ion-pairing with quaternary alkylammonium ions.”*’
Incorporation in a sol—gel matrix produced a ratiometric pH
sensor for the range from 5—8 with a resolution of 0.02 and a
response time (fo) of 12 s. In 6,8-dihydroxypyrene-1,3-
disulfonic acid (DHPDS, Figure 19A),%89%8939% the second
hydroxy group can be used for covalent immobilization®”” or is
acting as a second pH sensitive group with a close pK, (7.33 and
8.53)° slightly increasing the dynamic range.**” Immobilized,
the dye displays dual excitation useful for ratiometric sensing.”*”

4.1.2. Coumarins and Derivatives.”>***°® 7_Hydrox-
ycoumarins™>*” have emission around 455 nm after excitation at
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360 or 400 nm for the protonated and the deprotonated form,
respectively. Apart from the unfavorable UV to blue region
excitation, the dyes display lower brightness compared to HPTS
with a similar molar absorption coeflicient but lower quantum
yield. Additionally, the photostability is slightly inferior to that of
HPTS.> Iminocoumarins (Figure 19A) show a bathochromic
shift of the absorption into the blue to green region and higher
absorption coefficients compared to 7-hydroxycoumarins.**®
The pH-sensitivity of these dyes relies on a different mechanism.
The dyes display two protonation equilibria with pK, values, for
example, for one representative of 2.7 and 7.8, associated with
deprotonation of an imino group and deprotonation of a phenol
PET receptor, respectively. The deprotonation of the imino
group results in hypsochromic shift from 510 to 410 nm
absorption and a decrease in fluorescence intensity, whereas the
deprotonation of the phenol induces PET and results in
fluorescence quenching.

4.1.3. Fluoresceins and Derivatives. Xanthene dyes,
particularl
fluoresceins, 2430+649,53,5685,110,121,143,146,150,382,392,397—443 (o,
ure 19) are the most commonly used pH probes. Wide
commercial availability of various derivatives and conjugates
offers easy access to various applications especially in biological
and medical research. Fluorescein efficiently absorbs at around
490 nm and emits in the green part of the spectrum, typically at
515—520 nm; z-extension (seminaphthofluoresceins
(SNAFL)*” and naphthofluorescein)’******* results in a
bathochromic shift of absorption and emission. The same effect
is observed for seminaphthorhodafluor (SNARF) dyes.******
The brightness is highest for fluoresceins and lowest for
naphthofluoresceins, whereas SNAFL occupies an intermediate
position (c.f, refs 99 and 44S). Fluorescein has several
protonation/deprotonation equilibria,**® but the most impor-
tant in aqueous environment are the mono- and dianionic forms
with deprotonated carboxylic acid and phenolic groups. In other
solvents/polymeric matrices, the closed lactone form becomes
more prominent, which, however, is colorless and non-
fluorescent. Molar absorption coeflicients and fluorescence
quantum yields significantly differ between deprotonated and
protonated (regarding the phenol) forms.””*** For fluorescein,
its derivatives and type B SNARFs (dialkyl SNARF derivatives,
Figure 19), the deprotonated form is much brighter compared to
the protonated form. For SNAFLs and type A SNARFs
(SNARFs with fewer than two alkyl groups, Figure 19B), the
base forms have higher molar absorption coefficients but the
quantum yields are higher under acidic conditions.”*> The
photostability of fluoresceins and their 7-extended derivatives is
poor. It can be improved by introduction of electronegative
halides in 2’ and 7’ positions (dichloro- or difluorofluorescein),
but the pK, values also are lowered."'”**” Photostability drops if
alkyl chains are introduced at the same positions."' **” For
preparation of sensing membranes, the commercial availability
of various functionalized xanthene dyes simplifies covalent
immobilization procedures. Fluorescein isothiocyanate
(FITC H04,405,311,421,425,44 1 3nd fluoresceinamine
(FA)>HH00A0LAAILAZ94S are two commonly used rep-
resentatives that have been directly immobilized or immobilized
after additional functionalization. As the isothiocyanate group is
electrophilic, FITC derivatives are useful for covalent coupling
via nucleophilic attack. FITC has been coupled to various
amino-modified materials such as sol gels,40 421 polystyrene
beads,*®® aminoethyl cellulose, 127425441 hydrogels,49 and
controlled pore glass.”” The use of oxygen nucleophiles has

been limited to cellulose nanocrystals."'" Fluoresceinamine is
the nucleophilic counterpart and has been coupled to materials
containing epoxy-,"""*'* cyanuric acid chloride-,** thio-
phene-,*'* isothiocyanate-,"'* and alkyl halide**® electrophilic
groups. The reaction of acrylogfl chloride with fluoresceinamine
leads to acryloylfluorescein,”®*00409408,417,429449 kg dye.
monomer conjugate has been extensively used for copolymer-
ization with acrylic monomers such as acrylamide and
hydroxyethyl methacrylate. Both amino- and carboxy-xanthene
dyes can easily form amide bonds via coupling r_eagents or by
using reactive succinimidyl esters, ! 337 ALALS,A20,423,428,448
The carboxy-functionalized dyes were coupled to poly-
(acrylamide-co-vinylamine),*”” amino-modified cellulose nano-
crystals,”"" concanavalin A-modified hydrogel,"*’ amino-
functionalized polystyrene microspheres,*> aminoethyl cellu-
lose,>® amino-modified pHEMA,423 and amino-containing
ORMOSIL."**

A sensing membrane suitable for dual-lifetime referenced
measurement of pH values was obtained by coupling a
carboxyfluorescein succinimidyl ester to poly(acrylonitrile)-
Ru(dpp) particles covered with a hydrogel.'*> The particles
were then dispersed in a hydrogel sensing membrane.
Succinimidyl esters of xanthene dyes can also be coupled to
amino dextrans. The conjugates have been used for intracellular
pH measurement or have been immobilized on silver island films
for metal-enhanced fluorescence sensing.*'® Xanthene dyes also
allow hzfsical entrapment in hydrogels, ' »'*"37%#2H430%38 g6
gels, > 02403407 AILA22AL 4 Gy ((styrene-block-vinylpyrroli-
done) nanobeads,”® cross-linked poly(vinyl alcohol)-silica gel
copolymers,*** polyacrylamide,*® and pHEMA.***'* To mini-
mize 1eachin§, the dyes can be alkyl substi-
tuted, ! O121,398429,430,438 directly or via ester bonds, to enhance
their hydrophobicity for incorporation into hydrophobic
materials. Alkyl core substitution, however, significantly
deteriorates photostability. Another approach is to entrap
chitosan or dextran conjugates in hydrogel,*****° sol—gels,*"'
or poly(hydroxyethyl methacrylate).”*"'? Also an electro-
phoretic deposition procedure has been reported by placing a
film of fluorescein and 1-heptanesulfonate cointercalated in a
layered double hydroxide matrix.*"?

4.1.4.Rhodamine and Rhosamine Dyes. Rhodamine and
rhosamine dyes are bright fluorophores with good photo-
stability,"" which also were found useful for construction of pH
probes. pH-sensitivity usually relies on introduction of PET
groups or spirolactam opening. Interestingly, the modulation of
fluorescence by PET-active amino groups strongly depends on
the position of the receptor. For instance, efficient PET
quenching was observed for the rhosamine with PET-groups
at the xanthene core (Figure 19C),">**? whereas no
modulation of fluorescence occurs for the molecule with the
PET group attached to the periphery (Figure 19C).*”* Yet, the
PET-groups are not necessarily required to be coupled to the
fluorophore. Zhou et al.**® prepared nanoparticles with the
rhodamine and the PET-group copolymerized in close
proximity. Several rhodamines that explore lactam formation
have also been reported (Figure 19C).*'**9%7*%0 The
spirolactam form at neutral pH is colorless, whereas opening
of the ring in acidic media yields a highly absorbing and
fluorescent rhodamine. The pK, of spirolactam rhodamines can
be tuned by varying the substitution of the group attached to the
spirolactam group; the dyes with pK, values from 2.8 to 6.5 have
been reported.”***" Unlike many other systems, the influence
depends to a large extent on the steric effects of the substitution.
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Substitution on the spirolactam group can also be used for
covalent immobilization. Yu et al. have modified a rhodamine
spirolactam with an acrylic functional group for free radical
polymerization.”®> The rhodamine monomers were copoly-
merized with methacrylic acid to prepare pH-sensitive nano-
particles based on the spirolactam opening in acidic media. The
nanoparticles with pK, values of 6.07 and 6.71 were then used to
measure lysosomal pH. An interesting approach for measuring
acidic pH values consists in the conjugation of a rhodamine to a
naphthalimide dye.**® The mechanism involves quenching of
the naphthalimide fluorophore by PET from the rhodamine.
The dye conjugate was copolymerized with 2-hydroxypropyl
methacrylate and enabled pH measurement in the range from
pH 1.40 to 3.60.

4.1.5. 1,8-Naphthalimide Dyes."3?*%*~%76 These are
probably the most common representatives of PET dyes. The
PET group (most commonly an amine) can be introduced at the
imide position or via core substitution (Figure 20A). The PET
efficiency differs significantly for the two positions. PET is
inhibited when the electron transfer process to the fluorophore
has to occur against a repulsive local electric field (PET
quenching from the imide position to the core of 4-amino-
naphthalimides).”**"** On the contrary, PET quenching is
efficient if there are electron withdrawing substituents, usually in
4-position or if the PET-receptor is attached to the 4-
position.**"***”> The introduction of electron-donating
amino-group into 4-position of the core also generates a
push—pull system with an ICT excited state. This results in
broad and bathochromically shifted absorption and emission
bands and enhances the molar absorption coefficients. For
example, the absorption and emission maxima are at 418 and
535 nm, respectively, for the naphthalimide bearing a
dimethylamino-group in the position 4, compared to 341 and
370 nm, respectively for unsubstituted naphthalimide.”’
Nevertheless, even amine-substituted naphthalimides show
comparably low brightness, which is due to moderate molar
absorption coefficients of about 15000 M~' cm ™!, even though
the quantum yields can approach unity in organic solvents."***"*
On the other hand, the imide position offers simple access to
covalent immobilization via copolymerization of acrylic**”*”¢ or
allylic**®*”%*”5 functional groups, amide bond forma-
tion, " #1473 or direct bonding via the imide function.”’"*"3
Naphthalimide-based PET indicators carrying a 2-hydroxye-
thylsulfonyl function for covalent conjugation to cellulose and
textiles were also synthesized and immobilized.*””

In a typical example,” a piperazine moiety is covalently
linked to the naphthalimide fluorophore. Quenching by PET
from piperazine to the naphthalimide is modulated by
protonation of the piperazine nitrogen. The effect also occurs
in a rather rigid sol—gel matrix. The signal increases by >100%
upon protonation, and the sensor works in the physiological (pH
5—8) range. New PET-based naphthalimide pH indicators
(typically carrying tertiary aliphatic amino groups) and ways for
immobilization on arrays have also been presented.*”> Majority
of reported naphthalimide indicators utilize aliphatic amines as
PET quenchers that significantly limits the range of available pK,
values. To address this limitation, Qi et al.**® prepared a palette
of naphthalimide indicators equipped with aromatic amines and
phenols as PET quenchers that show pK, values from 2.5 to 12.
Virtually identical spectral properties of these dyes made
possible preparation of wide dynamic range sensors (section

13).

Core-substitution of naphthalene diimides (Figure 20A)
allows modulation of spectral properties and introduction of
both g)H functionalities and groups for covalent immobiliza-
tion.*** For example, Shen et al. modified the chromophore core
with two piperazine moieties, one acting as a PET group, the
other for copolymerization (after reaction with methacryloyl
chloride) of the dye with 2-hydroxyethyl methacrylate.”®" The
absorption of the copolymerized purple dye peaked at 570 nm
and the emission at 630 nm. The sensing membrane features an
apparent pK; of 6.0.

4.1.6. Perylene Diimides (PDIs). PDIs'*>!2%!3%373,482,483
can be viewed as 7-extended analogues of naphthalene diimides.
However, even core-unsubstituted dyes absorb very efliciently in
the green part of the spectrum and emit green-yellow light with
QYs close to unity. These dyes are known for their exceptional
photostability. The photostability of tetrachloro-derivatives in
aqueous solution is poor.'”* This may be due to photoinduced
nucleophilic substitution reactions. Electron-donating substitu-
ents introduced in the bay position cause pronounced
bathochromic shift of the spectra. For instance, tetraphenoxy-
substituted dyes absorb at $78 nm, show emission at 620 nm””
and retain quantum yields close to unity typical for this group of
dyes. Introduction of a single amine donor in the bay position
(Figure 20A) results in even stronger bathochromic shift."*>***
These dyes absorb in the red and emit in the far-red part of the
electromagnetic spectrum making them promising for applica-
tion in pH sensors where low levels of background fluorescence
are of particular importance. Unfortunately, the substitution also
results in significant broadening of absorption and emission
bands, decrease of € (to about 19 500 M~'ecm™')"** and of QYs
(to about 0.26)."*>*** To render PDIs pH sensitive a PET group
is introduced in the imide'**"***”* or bay'***** position.

The absorption and emission of PDIs can be bathochromi-
cally shifted when the dyes are laterally extended in the bay
region.”® By condensation with benzo nitriles, one or two pH
sensitive imidazole structures are attached to the perylene core.
The indicator dyes feature molar absorption coefficients of
around 80000 M~! cm™ and quantum yields close to unity.
Deprotonation of the doubly substituted dye results in further
bathochromic shift of the absorption, which is 100 and 150 nm
for the monoanionic and dianionic forms, respectively. The
corresponding pK; values in a hydrogel matrix are in the range
from 9.84 to 10.56.

Exceptional photophysical properties including excellent
brightness (albeit not for the perylenes substituted in the bay
position with N-donors), multiband absorption spectrum
(making efficient separation of excitation and emission possible)
and high photostability make PBIs a promising class of pH
indicators. On the other hand, the perylene core is highly
hydrophobic which results in tendency to aggregate when
noncovalently entrapped into hydrophilic matrices, making
covilzegnt immobilization of these dyes essential for practical
use.

4.1.7. Boron-dipyrromethenes (BODIPYs). These dyes
are bright fluorophores with hi§hly versatile structures and
spectral properties (Figure 20B).">~** The simple BODIPYs
absorb in the green region, but absorption can be shifted to the
far-red and NIR region by 7-extension or introduction of push—
pull systems.*”® The BODIPY-chromophore itself is insensitive
to pH but pH sensitive groups can be attached in a or meso-
position. However, comparably few pH probes on their basis
have been reported®*'~°°* and even fewer have found
application in sensing materials.®>"?¥*733035%% For instance, a
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dimethylaniline group acting as a PET receptor has been
introduced in meso-position of the BODIPY to give a pH
indicator for the acidic region.”® The BODIPY immobilized in a
hydrogel covers the pH range from 0.5 to 2.5. Only some
leaching at very low pH was detected. Later, Ando et al.
introduced the dimethylaniline receptor in a-position of a
BODIPY to prepare a ratiometric pH optode for use in pH range
0.8 to 4.5.°% Ratiometric readout was enabled by a pH-
dependent spectral shift due to ICT. The indicator dye was
covalently immobilized on activated porous silica glass via
formation of a urethane. Response time, however, was
comparably slow (>11 min) for a pH change from 1.19 to
1.54. Phenol groups acting as PET receptors for the alkaline
region (pH > 9) have been introduced into meso-position of the
BODIPY to §ive pH sensors when immobilized in hydrogels
matrices.*>°%*

4.1.8. BF,-Chelated Tetraarylazadipyrromethene
Dyes (aza-BODIPYs). Compared to BODIPY dyes, they
show bathochromically shifted absorption and emission spectra
but lower quantum yields."™ These dyes show excellent
photostability and great versatility with regard to the position
of the PET receptor which is most commonly a phe-
nol."*"*%73% The PET groups can be introduced in 3- and 5-
position of both pyrrole rings, and hence, the relatively simple
synthesis of asymmetric aza-BODIPYs provides even more
flexibility. The other half of the dye can be used to attach
substituents improving solubility or to enable covalent
immobilization. Generally, deprotonation of phenol receptors
bearing hydroxy group in para-position results in virtually
complete fluorescence quenching due to PET but also in a
bathochromic shift of the absorption spectra due to additional
intramolecular charge transfer. Staudinger et al.”'® identified a
strategy to prepare aza-BODIPY pH indicator dyes solely based
on PET. By consideration of the position of the PET receptor
(Figure 20, phenol meta to attachment position) intramolecular
charge transfer can be eliminated by avoiding conjugation of the
receptor to the chromophore system.

4.1.9. Diketopyrrolopyrroles (DPPs). (Figure 20B)>" "
These feature absorption and emission in the green to red
region, moderate molar absorption coeflicients around 25 000
up to 45 000 M~' cm™',>" high quantum yields and moderate
photostability. Aigner et al. designed DPPs with pH sensitivity
based on two different strategies: the use of phenolic PET
groups and the deprotonation of the lactam nitrogens of the
DPP chromophore.”'' The lactam-based strategy enables pH
sensing in the pH range 9—12. Co-immobilized with Macrolex
Yellow as reference, RL100 nanoparticles were prepared and
enabled RGB camera based readout.

4.1.10. Cyanine Dyes. (see Figure 20B
versatile tunable fluorescent labels with long wavelength
absorption and emission, yet impaired by their poor photo-
stability and poor solubility in most matrices. Probably due to
this fact, cyanine dyes have only occasionally been used for
fluorescence-based pH sensing.’*”**” Zen and Patonay
investigated the feasibility of using a cationic NIR-cyanine
electrostatically immobilized on Nafion for pH sensing.** The
sensing membrane underwent no leaching and covers the pH
range 11.5—13. However, the charged matrix introduced strong
influence of ionic strength on pH measurement. Puyol et al.
developed optodes based on NIR-norcyanine dyes immobilized
in plasticized PVC.** The sensing membranes displayed pK,
values ranging from 3.89 to 8.02 and response times (t) of

367,368
) *® These are

below 1 min. The practical application, however, is limited due
to leaching of the acidic form of the dyes and by photobleaching.

4.1.11. Free-Base Porphyrins. In this case, the pH
sensitive groups are the protonable pyrrole moieties of the
macrocycle (see Figure 20B). Such porphyrins feature high
molar absorption coefficients and large Stokes shifts (if excited
in the Soret band). Unfortunately, accessible pK, values are
limited to the acidic range. For instance, sensors based on
immobilized free-base porphyrins enabled pH measurements
from pH 0.6 to 3.8°'* and 1.5—5.>"° The sensor that utilized a
pH-sensitive naphthalimide dye in addition to the porphyrin had
an extended range from 1 to 9.5."°° Generally, a serious
drawback of the sensors based on free base porphyrins is
tendency to complexation with metal ions that may be present in
a sample. This can render the indicator dyes pH insensitive or
change the mechanism of pH sensitivity. For example, a tin
porphyrin complex incorporated into a polyethylene glycol
hydrogel was found to display pH-responsive fluorescence that
was used in an implantable sensor.’'® Here, the axial water
molecules of the tin porphyrins can deprotonate to yield a
hydroxide-coordinated metal.

4.1.12. Triangulenium Dyes. This rather new class of pH
probes (see Figure 20) is based on a cationic triphenylmethy-
lium structure rigidified by bridging hetero atoms, generally
oxygen and nitrogen.”'” These highly stable carbenium ions
absorb light between 450 and 650 nm. Replacement of one or
two oxygen atoms from the trioxa-derivative by nitrogen induces
a red shift. All representatives exhibit moderate molar
absorption coefficients (10000—20000 M™' cm™) and
moderate to high quantum yields. Mono- and diaza- derivatives
are of special interest for optical sensing due to their relatively
long fluorescence lifetimes (around 20 ns), which enables
elimination of most autofluorescence by making use of time-
resolved fluorometry.”'® pH sensitivity is introduced via PET-
receptors attached to the aza-position. Analogously to other
PET-based systems, the pK, can be tuned by substitution on the
receptor group.’'” The second aza-position can also be used to
introduce functional handles for covalent immobilization.
Franker et al. covalently immobilized diaza representatives in
ormosil matrices for preparation of ratiometric fiber-optic
sensors and biocompatible sensor spots.”*’">** Dalfen et al.”**
prepared diazatriangulenium dyes equipped with different
receptors and immobilized them in polyurethane hydrogel. It
was found that immobilization induced the decay time (section
10.2) to become pH sensitive. They attributed the pH sensitivity
to a homo-FRET process. They also showed that anion
composition of the sample has strong influence on the pK, of
the indicator in the hydrogel matrix.

4.1.13. Miscellaneous Indicator Dyes. Various pH
indicators from other dye classes have been reported,®>>**~%
but only found niche application. These are described in the
Supporting Information Table S3.

4.1.14. pK, and Dynamic Range Adjustment for
Fluorescent Indicators. Limited dynamic range of the pH
indicators implies the necessity of adjusting the pK, value for a
particular application. The pK, value of an indicator, ideally, is in
the middle of the pH range to be measured. It is often desirable
to obtain a library of indicator dyes based on a single
chromophore class, although indicators of different classes are
known that match best different applications. Such approach
minimizes the synthetic effort and simplifies the read-out
instrumentation due to similar spectral properties of individual
indicators. In addition, it allows preparation of wide dynamic
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Figure 21. Structure—pK, value relationship in fluorescent indicators libraries exemplified for fluoresceins (A) and BODIPY dyes (B).

range pH optodes based on the mixture of indicators with
different pK, values (see section 13, for more details).

Generally, the acidity of the pH indicators based on
deprotonation of hydroxyl group can be tuned over a wide
range by introducing electron-withdrawing (halogen atoms,
carboxy, sulfo, sulfonamide, or nitro groups) or electron-
donating substituents, such as amino or methoxy groups.

Modification of the xanthene structure represents a nice
example of tuning the pK, value over a broad range. The strategy
is essentially similar to that used for triphenylmethane dyes. The
electron-withdrawing groups introduced into the 2’,7’-positions
of the xanthene ring decrease the pK, value. For instance,
lipophilic octadecyl esters of 2, 7’-dichlorofluorescein
(DCFODE), 2’-monochlorofluorescein (MCFODE), 2’-
chloro-7’-hexylfluorescein (CHFODE), and 2/, 7’-dihexylfluor-
escein (DHFODE) reported by Weidgans et al.'*' (Figure 21A)
embedded in a hydrogel showed pK, values of 5.56, 6.85, 6.96,
and 8.5, respectively (ionic strength 0.1 M). The pK, value of
5(6)-carboxy-2’,7’ -dlﬂuoro fluorescein (oregon green) in aque-
ous solution is 4.8,”*" which is similar to that of 2',7'-
dichlorofluorescein in the same media (5.19).°*° Further
fluorination in the 4’ and S’ positions (Figure 21A) of the
chromophore reduces the pK; to 3.7 (aqueous buffer)). The
electron-withdrawing substituents improve the photostability of
the dyes, but electron-donating alkyl chains, reduce it. In fact,
photodegradation of DHFODE-based sensors was reported to
be f st. 110,121

pH indicators based on quenching via PET are even more
versatile with respect to tuneability of the pK, values due to a
variety of available receptors. For instance, alkylamine receptors
render the dyes pH sensitive in sli 5ghtly basic and near neutral
media (pK, of morpholine is 8.50,”*° but it can decrease upon
attachment to the fluorophore). Aromatic amines are proto-
nated in more acidic media (pK, values of anlhne and N,N-
diethylaniline are 4.87 and 6.57, respectively).**® Alkylation of
aromatic amines in most cases increases the pK, value. Rurack
and co-workers used PET receptors to create a library of

fluorescent indicators covering the whole pH range from 0 to 14
(Figure 21B)."** A hexaalkylated BODIPY core was substituted
with PET receptors based on phenol, aniline or pyridine groups.
The indicator dyes display pK, values (in the hydrogel matrix)
increasing from 0.5 to 12.8. The general approach for tuning the
pK, of the receptor groups was introduction of electron
withdrawing substituents to decrease and electron donating
substituents to increase the pK,. To demonstrate the utility, a
sensor array with the dyes incorporated into hydrogel D4 was
designed and enabled readout with a smartphone and an
uncertainty of only ~0.1 pH units. Similar strategies (albeit with
a lower number of utilized pH sensitive groups) were adapted to
create a palette of pH indicators based on naphthalimides and
aza-BODIPY dyes.””

In summary, there is already an impressive amount of
fluorescent pH indicators that found application in optical
sensors (c.f,, Table S3). The sensors reported by different groups
appear to show adequate performance in described applications.
However, it remains open if these systems can also adequately
perform in other applications. As was demonstrated above, for
several chromophores impressive palettes of pH indicators have
been reported with pK, values covering a broad pH range.
However, designing a material with required performance is
much more than just taking a dye with suitable pK, value.
Whereas stability of the chromophore can be adequate for
relatively short-term usage (e.g., in disposable sensors), it may
not be the case if the sensor has to maintain high accuracy during
many months without possibility of recalibration (like on Argo
floats in oceanography). For instance, BF, chelated chromo-
phores (BODIPYs and aza-BODIPYs) may exhibit slow
decomposition in aqueous media, the drift being temperature-
dependent™” and probably pH dependent. Photostability is a
critical parameter if high light intensities are involved (e.g., in
microscopy or in fiber-optic microsensors). This parameter
often is not discussed at all, in the best case some information
about sensor drift during continuous interrogation is provided.
Evidently, taking into account dramatic differences in the set-ups
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Figure 22. Chemical structures of luminescent ruthenium(II) polypyridyl (1—6) and lanthanide (7—9) complexes used in optical pH sensors, and of

model compounds 10, 11 that were used in solution studies.

used such information can only serve for orientation purposes.
Therefore, a systematic comparative study of photostability of
different chromophores used as pH indicators would be
extremely valuable. Surprising discoveries are possible, such as
a dramatic enhancement of photostability of some 7-extended
BODIPY chromophores compared to the “classical” structure
shown in Figure 20B.>** Some applications (biotechnology,
medicine) require sterilized sensors and the stability of the
chromophores in sterilization conditions (e.g., exposure to y and
f radiation) is mostly unknown. Lack of this essential
information makes selection of an indicator a difficult and
frustrating task, particularly taking into account that most of the
reported dyes are not commercially available and can only be
accessed in a multistep synthesis.

4.2. Metal—Ligand Complexes

Compared to fluorescent organic probes, most luminescent
metal—ligand complexes (MLCs) possess longer decay times,
which can be advantageous for discrimination of background
fluorescence and even its elimination in a time-resolved
measurement. Phosphorescent MLCs also feature larger Stokes
shifts compared to fluorescent dyes, because of the lower energy
of the triplet state. Finally, pH-sensitive MLCs potentially offer a
unique possibility of performing decay time measurement with
phase fluorometers. Unfortunately, several limitations have so
far prevented widespread use of MLCs in pH sensors. First, the
brightness of most MLCs is often lower than of fluorescent
organic dyes. With some exceptions, molar absorption
coefficients rarely exceed 40000 M™' cm™', whereas the
luminescence quantum vyields are typically well below 1 and

are in the range of 0.05—0.5 for most dyes. The second limitation
is efficient quenching of long-decaying luminescence by
molecular oxygen. The sensitivity of dyes to oxygen is
proportional to the luminescence decay time of the indicator
and the oxygen permeability of the immobilization matrix that
typically is rather good in case of polymers used for pH sensing.
The choice of potential candidates is limited to dyes with decay
times below 5—10 ps for which oxygen cross-talk is acceptably
weak and can be neglected or compensated for. Europium(III)
and terbium(III) chelates represent a notable exception since
partly filled f-orbitals only weakly interact with the environment
so that the excited states are only marginally quenched by
oxygen despite long luminescence decay times typically
exceeding 100 ps. On the other hand, all terbium(III) and
most europium(III) chelates require UV excitation, which is
often not desirable.

For the above reasons, only a few MLCs have been applied in
pH sensing materials (c.f,, Table S4) despite many examples of
such dyes showing pH-dependent luminescent properties in
solutions.”*”~>*’ The probe reported by Uray and co-workers*>°
is particularly interesting in this respect due to strong lifetime
response from pH 4 to 7.5 (about 8-fold decrease), that provides
self-referencing capabilities, and successful commercial applic-
ability (Luxcel Biosciences/Agilent).549 In contrast to solution
behavior, the luminescence of the probe immobilized in a sol—
gel matrix is not affected by pH changes (pH 1—11).>*° The
immobilized dye is however useful as large Stokes shift emitter in
sensing schemes that utilize energy-transfer or inner-filter effect.

Among metal—ligand complexes applied in optical sensing
materials, Ru(Il) polypyridyl complexes have been widely
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explored. They show broad metal—ligand charge transfer
absorption bands in the region of 430—480 nm and are
luminescent in the red part of the spectrum. Demas and co-
workers™' have noncovalently immobilized ruthenium (II)
polypyridyl complexes (1 and 2, Figure 22A) into a cross-linked
hydrogel composed of hydrophilic PEG chains and hydrophobic
cyclic methylsiloxane rings. The sensors undergo a drastic
decrease of luminescence intensity upon deprotonation (~100-
fold) and pK; values are very low (2—4). A similar indicator §
(Figure 22A) that explores the pH sensitivity of 4,7-dihydroxy-
1,10-phenanthroline was embedded in Nafion 117 mem-
brane.”>* Because of the negative charge of sulfo-groups in
Nafion, the pK; increased to 5.1 compared to the value of 2.6
obtained in solution of the dye and the cross-talk to ionic
strength was very strong (decrease of pK; by ~1 on going from
0.01 to 0.1 M buffer).

Apart from phenols, other functionalities may be useful to
induce pH sensitivity of Ru(II) complexes. For instance, Malins
et al.>>’ showed that triazole group introduced into a Ru(II)
complex (6, Figure 22A) induced luminescence quenching upon
protonation.

Suitability of Ru(1I) complexes for lifetime-based pH sensing
was also investigated.”>* Complexes 3 and 4 were noncovalently
entrapped in a hydrogel. Upon deprotonation, the emission of 4
is enhanced and hypsochromically shifted. Both forms are
emissive and this enables lifetime based sensing. The lifetime
increases about 3-fold when the pH was increased from 1.5 to 6
(sigmoidal dependency, pK; 3.75). Significant cross-sensitivity
to oxygen is observed in agreement with long decay times (3.25
us of base form).

Fiber-optic sensors prepared by Goncalves et al.”>” made use
of complex 3 immobilized into sol—gel glasses. In solution, the
dye showed good pH-sensing properties, sigmoidal response of
intensity, large dynamics in intensity change (S-fold increase
from pH 2 to 6) and acceptable dynamics in the lifetime
(increase from 0.4 to 0.6 us in the same range). However,
immobilization resulted in drastic decrease of the resolution:
Intensity increases by only 30% going from pH 2.0 to pH 8.1,
and the decay time only increases from 1.05 to 1.16 ys.

Parker and co-workers®*® explored the potential of
luminescent Eu(III) and Tb(III) complexes for optical sensing
of pH. Narrow emission bands of these complexes and the long
decay times are particularly attractive. On the other hand, such
chelates have to be excited in the UV, which is less favorable.
Two different types of Eu(III) complexes were embedded into
sol—gel matrix prepared from TEOS. The sensor based on
indicator 7 (Figure 22B) showed a ~3-fold decrease of the red
luminescence of Eu** on going from pH 4 to 10. It is caused by
quenching via electron transfer from phenanthridine. On the
contrary, the luminescence is 3.5 fold enhanced in case of 8 (pH
S — 9) because of the reversible binding of the deprotonated
sulfonamide group to the metal ion. Luminescent changes for
both sensors can be described with a sigmoidal dependency; the
pK, values were 6.9 and 7.9 for the sensors based on 7 and 8,
respectively. The sensors showed fairly fast response (ty5 ~ 80's)
but required conditioning for 28 days to warrant reproducible
response. In contrast to Eu(III)-complex of 7, the sensor based
on Tb(III) complex showed luminescence enhancement
(~30%) in the pH range from 4 to 9. This is due to the
proximity of the *D, level of Tb®" and triplet level of the
protonated phenanthridinium, which results in enhanced
quenching because of energy back transfer. The brightness of
such probes is not good. McCoy and co-workers demonstrated

555
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“on—off” luminescence switching for complex 9 in solution and
in a pHEMA matrix.”>” The complex is luminescent at acidic pH
values, but shows virtually no emission at pH 9. Apart from the
complexes mentioned above, a Eu(Ill) complex coordinating
thenoyltrifluoroacetone and pyridine dicarboxylic acid was also
explored in pH sensors.”*

Apart from Ru(II) and lanthanide(III) complexes, Re(I)
complexes have also been applied as luminescent probes in pH
sensors (Figure 22C). Orange-emitting dyes reported by Demas
and co-workers featured luminescence decay times of 751 (10)
and 266 ns (11) in cross-linked hydrogel D4]J2000 thus enabling
elimination of background fluorescence without significant
oxygen cross-talk."*” A 3-hydroxypyridine group coordinated to
the central atom induces pH sensitivity. It was observed in an
intensity mode since the complexes showed no detectable
luminescence in alkaline media. Therefore, a dual lifetime
referencing (DLR) technique was implemented. Re(I) com-
plexes can be excited at <400 nm and feature low molar
absorption coefficients (<10 000 M~'cm™).

The above examples clearly show that optical pH sensors
based on metal—ligand complexes currently do not favorably
compare to optodes based on organic dyes. Low brightness and
cross-talk to oxygen remain serious limitations. The Ru(II)
polypyridyl-based sensors feature rather low pK, values and,
thus, have limited application potential. While their long
luminescence decay times can be useful for elimination of
autofluorescence by using time-resolved fluorometry, this aim
can be also achieved by optodes based on bright NIR
chromophores. The biggest advantage of the luminescent
metal—ligand probes can be the unique possibility to quantify
pH via measurement of the luminescence decay time. For
example, sensors based on indicators 3 and 4 appear to be
promising candidates for lifetime read-out. As was demonstrated
by Orellana and co-workers,”” the situation is significantly more
complex. In the first type of a useful lifetime indicator (Figure
22D), the proton exchange in the excited state will be fast and
the excited state equilibrium will be established before emission
takes place (diabatic equilibration). This indicator type shows a
single emission lifetime which varies with the pH value (Figure
23). In the second extreme case, the proton exchange is
significantly slower than the respective deactivation rates, so that
the protonated and deprotonated excited species decay
independently of each other. In this case, the luminescence
decay time is biexponential. The luminescence lifetimes do not
depend on pH. This is in contrast to the corresponding
amplitudes, which reflect the ratio of both species. The authors
also showed that comparably fast irreversible excited state
proton transfer from or to buffer species renders most
luminescent indicators less useful. For instance, indicator 12
(Figure 22D), shows drastic dependency of the response on the
buffer type and its concentration due to quenching of the acidic
form of the indicator by buffer components (such as hydrogen
phosphate). On the contrary, the bulky hydrophobic perfluor-
oalkyl chain in dye 13 retards the kinetics of the excited state
proton transfer at the amide position. Hence, the response of the
probe is independent of buffer composition and concentration.
This demonstrates the self-referencing capabilities in which only
the relative contributions of the overall decay depend on the
solution pH (Figure 23).

5. POLYMERIC HOSTS AND SUPPORTS

Polymer chemistry forms an integral part of sensor chemistry.
Polymeric materials fulfill any of the following functions:
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Figure 23. Luminescent lifetimes of the acidic and basic forms of 13 and
12 (Figure 22D) in 10 mM phosphate buffer (air saturation) as a
function of pH. The inserts show the corresponding amplitudes of the
luminescence lifetimes obtained from the biexponential fits of the
emission decays at each pH value. Dependency of the pK, and apparent
pK; values on concentration of the phosphate buffer is given on the
right. Adapted with permission from ref 559. Copyright American
Chemical Society 2010.

e as a solid support onto which (or in which) an indicator
probe is immobilized or dissolved; typical examples being
hydrogels and cellulose;

® as a permeation selective material that prevents species
other than the proton to enter the sensing layer or a
particle;

e as a stimulus-responsive polymer (not treated in this
section) examples being polyaniline or poly-
(dimethylaminoethylacrylamide) whose absorption in
the visible and IR, respectively, change with the pH value;

e as an inert mechanical support for planar sensor layers,
examples being thin films of poly(ethylene terephthalate).
These materials are treated in section 9.4.

5.1. General Considerations

A polymeric host performs the function of a solvent for the
indicator but also acts as a permeation-selective membrane,
which can minimize undesired cross-talks. Obviously, the
polymeric host has to be permeable to protons. In other
words, hydrophobic polymers such as polystyrene, ethyl-
cellulose, silicone rubber etc. are not suitable for use in pH
sensors. On the other hand, hydrophilic polymers which are able
to swell (but are not soluble) in water (hydrogels) represent
suitable hosts for pH indicators. The same refers to cross-linked
networks built from organic polymers or inorganic materials
(sol—gels). Finally, the indicators can also be immobilized on
the polymer surface.

Proton transfer in the bulk water is generally accepted to result
via proton hopping from H;0" (or H;O,") to a neighboring
water molecule (Grotthus mechanism). Importantly, not an
individual proton or a rigid molecular protonic complex is
thought to migrate but the bonding situation in the network
changes by concerted O—H bond breaking and making,
illustrated by the term “structural diffusion”.* Alternatively, a
proton can be transported when attached to an uncharged host
molecule (“vehicle mechanism” or Stokes diffusion). Obviously,
proton transport in highly swollen hydrogels is similar to that in
water. In case of sol—gels, hydrogen bonding involving the
indicator and the silanol groups appears to have the major
influence on the response times rather than proton diffusion.***
However, there is a consensus that proton transport is efficiently
hindered by lipophilic substituents, for instance by alkyl and aryl
groups in sol—gels.”>***" Unfortunately, only few systematic
studies revealing the relationship between the structure of the
matrix and the dynamic response times have been reported.

5.2. Organic Polymers and Supports

Uncharged hydrophilic linear polymers and cross-linked hydro-
philic polymers are most often used in pH optodes. However,
also pH sensors based on charged polymers and hydrophobic
polymers have been described but they suffer from serious
drawbacks (resulting from their charges or poor hydrophilicity)
which will be described later. Apart from very few exceptions
(such as plasticized poly(vinyl chloride)) the polymers are
sufficiently hydrophilic and have high affinity for water. They are
insoluble in water because they are physically or chemically
cross-linked networks. Theoretical considerations predict that
swelling of hydrogels is determined by the thermodynamic
equilibrium between the opposing force of mixing and the
retractive force of the polymer chains.*®' One of the most
important characteristics of a hydrogel is the polymer volume
fraction in the swollen state which reflects the amount of water
retained by the hydrogel. This parameter will affect proton
diffusion in the hydrogel and therefore the response time of the
sensor but also its mechanical stability. Hydrogels are elastic
materials resembling natural rubbers and generally fully recover
to their original dimension from a relatively small deformation
(less than 20%).°°" However, swelling of hydrogels is also
known to negatively affect the mechanical strength of the
materials.”*> This can result in fast degradation of the sensing
layer under mechanical stress, for example when using
microsensors in sandy sediments. Such swelling may also result
in detachment of the sensing material from the mechanical
sensor support.

Among the hydrophilic linear polymers, poly(2-hydroxyethyl
methacrylate) (pHEMA) and polyurethane hydrogels (such as
hydrogel D4) belong to the most common matrices. Since these
polymers are nonionic, the cross-talk of the pH-sensors to ionic
strength is mainly determined by the charge of the immobilized
indicator. Both polymers are biocompatible and find application
in surgical implants and contact lenses and are soluble in a wide
range of organic solvents and their mixtures with water (such as
ethanol: water = 9:1, v:v)). A “cocktail” containing the polymer,
the indicator and a solvent can be directly applied onto a
mechanical support to result in a pH sensitive sensor layer after
solvent evaporation. The simplicity of the process makes it
possible to perform high-throughput screening and discovery of
optimal polymeric substrates capable of trapping fluorescent pH
indicators.”® For instance, more than 100 different polyacrylate
and poly(acrylamide) copolymers have been screened using a
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Figure 24. Chemical structures of representative polymers as used in pH-sensing materials.

microarray approach. Poly(methyl methacrylate-co-2-dimethy-
laminoethyl acrylate) was identified as the most promising
candidate because it showed the highest dynamics between pH 4
and 10 when used in combination with 5(6)-carboxyfluorescein
and allowed, via dip coating, the attachment of fluorescent pH
probes to the tip of optical fibers.

pHEMA (Figure 24) is a rather hydrophilic polymer with a
water uptake of about 40%. Swelling is significantly enhanced in
the presence of urea and slightly reduced when chloride or
sulfate ions are added.”** pHEMA containing copolymers
generally represent good hosts for preparation of pH sensors.
However, at extreme pH values (section 12) pHEMA-based
materials may deteriorate due to hydrolysis of ester groups.
Rather hydrophobic pH indicators tend to aggregate in pHEMA
if entrapped noncovalently.'** Fortunately, many indicators can
be modified with allylic, (meth)acrylate or acrylamide moieties
and copolymerized with HEMA monomer. Alternatively,
isothiocyanate derivatives of the pH indicators (e.g., fluoresceins
or SNARFs) can be covalently attached to pHEMA.*® Amino-
modified pHEMA variants can also be used for coupling of dyes
via amide or sulfonamide bonds.**"****** The properties of
pHEMA can be modified over a wide range via copolymerization
of the HEMA monomers with other acrylate monomers.
pHEMA does not degrade under physiological conditions.>®*

Polyurethane hydrogels have been used as matrices for
immobilization of pH indicators since almost two decades. They
benefit from high chemical stability, biocompatibility and are
commercially available (Hydromed series, http://www.
advbiomaterials.com). Unfortunately, the exact chemical
structure of individual representatives is not disclosed. Polyur-
ethane hydrogels reported in literature®*>~>*” are composed of
hydrophilic poly(ethylene glycol) blocks and hydrophobic
domains build by the aliphatic isocyanate and butane-diol or

poly(tetrahydrofuran) (Figure 24A).°°® Often chemical cross-
links are introduced via addition of polyol or polyamine,.****%°
The commercially available Hydromed hydrogels are linear
polymers that have excellent solubility in a wide range of organic
solvents. However, their high water uptake, insolubility in
aqueous solution and good mechanical stability indicate that
microphase separation and physical cross-linking occur, which is
typical for polyurethanes. This is due to a combination of
hydrophobic interactions (aggregation of hydrophobic domains
in order to minimize the surface area contacting with bulk
water)**” and hydrogen bonding.***

Similar to PEG-based hydrogels, which are nontoxic,
nonimmunogenic, and are approved for clinical use,**"*%*
polyurethane hydrogels are biocompatible (http://www.
advbiomaterials.com). Among polyurethane hydrogels, hydro-
gel D4 (Hydromed D4) has been the most commonly used. It
can take up as much as 50% of water.””® Hydrogels with higher
water content (70%, Hydromed D1) and lower content (30%,
Hydromed D7) are also available. Such polymers can well retain
hydrophilic indicators carrying hydrophobic anchor groups
(e.g, N-octadecyl-carboxamidofluoresceins)'*' even without
covalent immobilization. On the other hand, rather hydrophobic
indicators (such as PDIs) tend to be localized in the
hydrophobic domains. This can result in slower response and
in hysteresis since the charged protonated form of the dye slowly
migrates into more hydrophilic domains.'** The low polarity of
the polyurethane hydrogels is also responsible for pronounced
increase of the apparent pK, value upon immobilization of
indicators generating negatively charged species upon dissoci-
ation (e.g, fluoresceins or HPTS-tris-amides’®” or dyes
equipped with phenol-based receptors in ref 135) compared
to the aqueous solutions and more polar polymers. Analogously,
the pK, value for the indicators, which become positively
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charged upon protonation, would decrease compared to
aqueous solution due to destabilization of the charged form in
less polar environment (c.f, nitrogen based PET-receptors in ref
135).

Thermogelating hydrogels (TGHs), such as poloxamer
(a.k.a., pluronic), represent attractive alternative matrix
materials. The poloxamer hydrogels are linear triblock
copolymers of PEG and poly(propylene oxide). TGHs are
highly biocompatible and easy to handle. They are water-
soluble, and solutions are sprayable. pH sensor microparticles
can be dispersed in Pluronic and sprayed on the surface of
interest at temperatures of <20 °C."*” At these temperatures, the
sensor gel adheres well to the target, even on uneven surfaces
such as skin, wounds, and bacterial cultures. If temperature is
risen to above 25 °C, the gels form a thin and soft but solid
sensing layer, which can be imaged to observe the spatial
distribution of pH values on such samples. The gel can be
removed from surface by cooling and washing with water.
Thermogelating sensor layers present obvious advantages over
other sensors by not causing damage to the surface of interest.
Such polymers also are applicable to sensors for other species
including clinically relevant gases such as oxygen, but also for
enzyme substrates (such as glucose or lactate) and ions. TGHs
were found to be useful matrices for immobilization of pH
indicators. Wang and co-workers demonstrated excellent pH-
sensing performance of Pluronic-reinforced silica nanoparticles
containing a covalently bound fluorescein dye.””"

Block copolymers of the type polyacrylamide-alt-polyacrylo-
nitrile>”” also have been found to be quite useful and also are
used in commercially available optical sensors.””” They have a
chemical structure schematically shown in Figure 24A with
alternating domains consisting of polyacrylamide and poly-
acrylonitrile. The former warrants good ion permeability, the
latter good mechanical strength and adhesion on non-
hydrophilic supports. They are known under the trade name
Hypan. Hypan was used in planar sensors for pH>"* but also for
cations, such as potassium,575 and for anions, such as nitrate.’”®
Hypan is soluble in DMSO, well penetrated by water, but
without strong swelling, and well biocompatible.

Other pH sensors rely on the use of rather hydrophobic hosts
such as poly(vinyl chloride) or cellulose acetate (Figure 24B).
To improve the ion mobility, addition of a large amount of a
plasticizer is necessary (o-nitrophenyloctyl ether, dioctyl
sebacate, tributyl phosphate etc., typically 1—3-fold the amount
in respect to that of the polymer). It was recommended®”” to
replace, in optical sensors, the plasticizer o-nitrophenyloctyl
ether by o-cyanophenylalkyl ethers, which do not act as a
quenchers of luminescence and do not cause inner filter effects
near 400 nm. The addition of a lipophilic salt (a quaternary
ammonium salt for the negatively charged dyes and a lipophilic
anion such as tetraphenylborate for the positively charged ones)
is essential for solubilization of the indicator in a hydrophobic
matrix. These optodes rely on the ion exchange mechanism:*"*
extraction of protons into the polymer results in protonation of
the indicator, whereas the potassium ions diffuse out of the
membrane to maintain electroneutrality. Such systems not only
suffer from rather slow response (£5 = 3—12 min for S ym thick
films)*”* but also are affected by the composition of the buffer
used for calibration. Similarly, Hakonen and Hulth®*® observed a
strong shift of the pK; (from 6.74 to 8.50). It may be due to the
change in the environment of the indicator (HPTS in form of
the lipophilic ion pair with tetraoctylammonium). Ethylcellulose

films also containing tributyl phosphate as plasticizer show a pK;
of 8.43 for the indicator.”®’

Another group of materials represents organic polymers in
which the pH indicators are not dissolved but are rather
immobilized into a certain domain or on the surface. Nafion 117
is highly chemically and mechanically stable perfluorinated
membrane bearing charged sulfonato groups. The combination
of a highly hydrophobic polymer backbone and hydrophilic
sulfonato groups results in nanoseparation. The membrane, if
swollen in water, consists of three different domains: a
hydrophobic fluorocarbon backbone, hydrophilic ionic water
clusters (@ ~ 4.5 nm) interconnected by short channels (& ~1
nm), and a flexible interfacial region.’*>*** Optical pH sensors
have been manufactured by electrostatic immobilization of
cationic pH indicators or of lipophilic indicators in the
hydrophilic domains.**®***3%%3335%2 However, the highly
charged character of Nafion 117 results in cross-talk of the
sensors to ionic strength552 (section 1.6). Hence, this material
may not be an optimal choice. Similar to using Nafion as a cation
exchange membrane, Zhujun and Seitz immobilized the
negatively charged dye HPTS on the anion exchange membrane
R-1035.°" Again, the cross-sensitivity to ionic strength was
significant.

Cellulose represents another promising organic polymer for
preparation of pH optodes. Usually, the dyes are covalently
coupled or adsorbed to the polymer, which can be used either in
the form of a thin film, or microparticles or nanocrystals.411 Thin
cellulose layers can be obtained by hydrolysis of cellulose acetate
coatings, for example, covering polyester support in trans-
parency foils.'"'"*'>?3%32% This approach is highly advanta-
geous since the material already contains a mechanically stable
and optically transparent inert polyester support.

Agarose is a useful alternative to cellulose and more
hydrophilic. Agarose was used, for example, in sensors utilizing
orange(11),”** Congo red,”"**'* sulfophthalein,’* neutral
red,****** and anthocyanines®** as pH indicators partially
after activation with epichlorohydrin. It was also used to
physically immobilize fluorescent pH-sensitive nanoparticles for
imaging of bacterial growth and metabolism.>”"

Agarose and chitosan (Figure 24B) have been used to coat
glass slides.”'*?0%3%>3%6392 The indicator dyes were covalently
immobilized after activation via epichlorohydrin or via simple
dye adsorption. Chitosan®*"****** found application as sensor
matrix material in food packaging for spoilage indication based
on pH-induced visually detectable color changes. Chitosan,
however, is prone to biodegradation by enzymes, such as
chitosanase or lysozymes.>*’

Alternatively, cellulose microparticles or fibers can be used for
immobilization of dyes. Microparticles containing amino groups
are promising because many pH indicators can be covalently
immobilized on their surface (refs 30, 49, 80, 381, 396, 423, 425,
441, 466). The pK, value of immobilized fluorescein isothio-
cyanate on aminoethyl cellulose fibrous particles was reported to
be lower (~5.2) than for fluorescein.”” This may be due to
presence of residual protonable amino groups. Cellulose and
aminocellulose as biobased materials are prone to degradation
by enzymes originating from bacteria or fungi.**>*%°

Cross-linked hydrophilic polymers as shown in Figure 24
form another important group of organic supports. The linear
forms are water-soluble and, therefore, not suitable for
preparation of pH sensors. If, however, cross-links are
introduced, the resulting hydrogels are mechanically stable
and water-insoluble. The hydrophilic character and high water
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uptake of these sensors results in fast response. These hydrogels
are nonionic, so that cross-talk of the pH optode to ionic
strength is mainly guided by the properties of the indicator and
not the matrix. Cross-linking also restricts diffusion of large
molecules (such as proteins) into the matrix.>*”

Cross-linked polyacrylamide (PAM, Figure 24C) and its
derivatives are probably the most common polymeric supports.
The polymers have straightforward preparation procedures that
give robust materials. Some indicators can be directly
copolymerized with acrylamide (e.g, phenol red) without
additional modifications. Other polyacrylamide derivatives were
also found to be useful. For instance, Aigner et al 123588
demonstrated that polyacryloylmorpholine (PAMP) cross-
linked with poly(ethylene glycol diacrylate) represents an
excellent matrix for immobilization of perylene dyes. Other
matrices include cross-linked PEG gels. To obtain these gels,
PEG-bis-methacrylates (Figure 24C) are useful as cross-
linkers.”®" The gels can be obtained via photopolymerization
and indicators bearing allylic, meth(acrylate), or acrylamide
groups can be covalently incorporated into the gels. Even highly
cross-linked materials can have a water uptake of about 700%.>"
Generally, water uptake decreases at higher cross-linking
degrees (lower mesh size). The water uptake of cross-linked
PVA increases from 400 to 800% when the mesh size (i.e.,
distance between the cross-links) increases from 1.8 to 6.5
nm.>” On the other hand, water uptake of cross-linked pHEMA
only marginally depends on the mesh size because water is a
rather poor solvent for HEMA.>**"!

Micro- and nanoparticles prepared from cross-linked pHEMA
or PAM derivatives are also popular. Here, amino-functionality
is introduced during polymerization (e.g., via copolymerization
with N-(3-aminopropyl)-2-methylacrylamide), thereby allow-
ing subsequent covalent attachment of indica-
tors, #&192381384396.592 The microparticles can be conveniently
dispersed in hydrogel matrices and mixed with other
components, such as reference beads. Nanoparticles are valuable
for intracellular imaging of pH values. Some linear polymers
represent an alternative for these applications. For instance, a
polymer on the basis of poly(N-(2-hydroxypropyl)-
methacrylamide) containing covalently attached ratiometric
fluorescent pH indicator, a gadolinium(III) chelate and
positively charged poly(2-(methacryloyloxy)ethyl]-
trimethylammonium chloride) for enhancing cell permeability
was used for simultaneous pH measurement and MRL>”

Poly(vinyl alcohol)**”*7%2#319377 wyas cross-linked with
glutaraldehyde, epichlorohydrin, diisocyanates, or via electron
beam or y-irradiation®*>*”* Cross-linked PVA was also used as a
mechanical support to obtain a pH-sensitive membrane with
immobilized phenol red.”” Alternatively, PVA can be cross-
linked with tetraalkoxysilanes to obtain an organic—inorganic
hybrid material.*** Homogenous crack-free layers obtained with
80—90% of PVA and 20—10% of TEOS showed fast and
reversible response to pH. The change in the apparent pK, value
over 2 months was attributed to the ongoing polycondensation
reaction that is typical for sol—gels.

Demas and co-workers*>" described hydrogels based on the
amino-PEG derivative Jeffamine that was cross-linked with a
cyclic siloxane bearing 3 isocyanate moieties. The material forms
hydrophobic (siloxane) and hydrophilic domains which was
found useful for immobilization of a lipophilic pH indicator
without the necessity for covalent immobilization. Despite a
high thickness of the films (250 ym), the response times were
relatively fast (several minutes).

5.3. Inorganic Supports and Host Materials

5.3.1. Silicates (Including Sol—Gels and Ormosils). The
preparation of sol—gel materials involves several steps:
hydrolysis of precursors (tetraalkoxysilanes or alkyl-trialkox-
ysilanes), deposition of the sol onto a support (typically glass),
or a waveguide and drying for a prolonged time (24 h) at
elevated temperature (e.g., 70 °C). Measurements are typically
performed after 1—2 weeks required for stabilization of sensor
properties due to slow aging. This is associated with drifts in the
pK, values. In one of the first sol—gel-based pH optical sensors, a
5- and 6-carboxynaphthofluorescein was physically entrapped in
a sol—gel matrix and was found to be surprisingly resistive to
leaching.”® The sensor works in the pH range 6—9 and uses
yellow or orange LEDs as light sources. The indicator dyes were
also covalently immobilized on cellulose. However, many of the
first sol—gel-based sensors suffered from both leaching of the
indicator and long response times, often exceeding 1 h for the
bulk monolithic films.””® The use of very thin films (>2 pm)
along with evanescent field readout (see section 14.3) strongly
reduces response time and yet gives good signals.

Most of the reported sol—gel sensors rely on the use of
common pH-indicators that are not suitable for covalent
immobilization. MacCraith and co-workers””” showed that
leaching is affected by many factors, such as the pH of the
solution and by conditions affecting the structure of the sol—gel.
Base-catalyzed hydrolysis results in materials with large pores,
which are less suitable for noncovalent entrapment of indicators
due to strong leaching.””” On the contrary, acid-catalyzed
hydrolysis and condensation produce microporous structure
with small pores (<2 nm).””” However, if the pH is too low (<1),
the condensation becomes too fast and this results in higher
porosity and faster leaching.””” Leaching is much slower from
aged films (3 months storage) compared to the freshly prepared.
Finally, the introduction of hydrophobic groups (typically
methyl or phenyl) results in materials referred to as ormosils
(organically modified silica). This was demonstrated to efficiently
prevent leaching.”***'* Unfortunately, such substitution also
impairs proton diffusion and slows down the response. For
instance, the response times (t;40) of bromocresol green
embedded into films prepared from tetraethoxysilane (TEOS)
and methyltriethoxysilane (MTEOS) were 150 min and >24 h,
respectively.”>* In materials reported by Wang et al., dye-doped
1 pm thick sol—gel films prepared from TEOS showed
surprisingly fast response (fy5) of S s, whereas it increased to
600 s for an ormosil prepared from an e%uimolar ratio of TEOS
and phenyltriethoxysilane (Ph-TEOS).**" The same effect was
observed by Lobnik et al.:*'* introduction of phenyl groups
eliminated leaching of noncovalently immobilized amino-
fluorescein almost completely, but slowed the response from
90 s for tetramethoxysilane (TMOS) to 30 min for
TMOS:PhTMOS (1:1) (ty5, ~300 nm-thick films). The
decrease of polarity also drastically affected the pK, values
(6.62 and 8.61, respectively).

Immobilization in sol—gels (particularly containing an
organic component) affects the pK; value of the indicator
compared to aqueous solution (usually by an increase of the pK;
by 1—5 units for dyes generating negative charge upon
deprotonation).”***** It also results in a significant broadening
of the dynamic ranges which can span 4-6 pH
units? 632 LA0TARASIAIATS0399 o nared to 3 pH units in
solution. Ormosil-type of sol—gels were also doped with pH
indicator dyes in order to sense alkaline analytes such as
dissolved ammonia.®”
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Postmodification of the sol—§el pores is an efficient strategy for
shortening response times.”" In sol—gels, hydrogen bonding
between the hydrophilic indicator dyes and the silanol groups
appears to be extremely important for the response time.
Goddard and co-workers showed that treatment of sol—gel-
based sensors with sodium hydroxide shortens the response
times from 150 min to 45 s (in case of TEOS) and from 24 h to
22 min in case of MTEOS. Such modification occurs very fast
but the risk of damaging of the sol—gel network is high.

During aging of sol gels, further hydrolysis and condensation of
unreacted groups takes place. This results in an increased density
of the sensor films. These structural changes induce drifts of the
pK, and can represent a serious problem. For example, Lee and
Saavedra observed a large (0.7) increase of the pK, value of
bromophenol blue in TEOS based sensors after 9 months of
storage.277 Lobnik et al.*'* noticed the same increase (0.7 units)
of the apparent pK, upon storage of aminofluorescein/TEOS
films in air over several months (and much faster change at
elevated temperature (70 °C)) whereas storage in aqueous
media for the same time hardly affected the sensor properties.
McDonagh et al.>”” demonstrated that aging of sol—gel films at
RT continues for many days and even months, which is
indicated by decrease in the thickness of the films. 3-
glycidoxypropyltrimethoxysilane (GPTMS) has been studied
but with mixed results. It was cocondensed with TEOS,>”®
MTEOQS,*" PrTEOS,**° sometimes under catalysis by BF,**" or
arninoalkoxysilanes,442 with indicators, such as methyl red,
bromocresol green, or fluoresceinamine.

Ion-pairing of a charged indicator with a lipophilic counterion
is a common approach to minimize leaching. Rottman et
al?%%% jnvestigated the influence of coentrapment of
surfactants on the properties of pH indicators in sol gel films.
The addition of cetyltrimethylammonium bromide (CTAB)
strongly affects the pK;, values, which were shifted by up to 3—4
units to more acidic values for azo dyes and to more basic values
for phenolphthalein dyes.

Sol—gels based on elements other than silica have also been
investigated. Beltran-Perez and co-workers studied sol—gels
obtained via hydrolysis and condensation of titanium tetra-
isopropoxide.””* They were made pH-responsive by doping with
Brilliant green, coumarin or rhodamine dyes. However, the
paper is of preliminary nature. Yang and Saavedra®® reported a
waveguide sensor with a 110 nm sensing layer prepared via
hydrolysis of methyltrimethoxysilane (MTMOS) and titanium
tert-butoxide. Immobilized bromocresol purple responded over
a wide range (pH 3.5-9). Islam et al.>*7*%216 examined the
properties of various silica—titania sol—gel composites prepared
from TEOS and titanium tetra-isopropoxide as precursors and
CTAB as surfactant. Response times were <7 s for both fiber
optic and planar sensors, and no dye leaching was observed. A
hybrid material for use in ?H sensing was reported by
Rosenzweig and co-workers.””> Carboxyfluorescein-doped lip-
osomes (2 70 nm) were embedded in a TEOS film.
Immobilization did not significantly affect the pK; value (6.5
in liposomes) but strongly reduced dye leaching and improved
response (<1 s for micrometer-thick films).

5.3.2. Mesoporous Materials. Mesoporous materials
provide an interesting alternative to sol—gel sensors. They are
obtained via hydrolysis and condensation of silicon alkoxide
precursors but a surfactant is first added as a structure-directin%
agent and then removed via extraction. Wirnsberger et al.**°
prepared sensing films (~0.9 ym thick) by acidic hydrolysis of
TEOS in the presence of a pluronic F127 poloxamer surfactant

and APTS-coupled fluorescein. After aging at room temper-
ature, crack-free films are obtained. The surfactant was removed
by treatment with ethanol. The films demonstrated fast response
tos of ~7s. Similarly, Miled et al.*”> embedded bromothymol
blue into a mesoporous material prepared from TEOS in the
presence of CTAB as structure-directing agent (which, however,
was not removed from the sensing material). The 1.5 pm-thick
sensing layers responded quickly (<20 s) to pH changes in acidic
media. Hiruta et al.®”’ covalently immobilized a triethoxysilane-
modified BODIPY dye with a protonable dimethylamino group
in a mesoporous film prepared via hydrolysis of TEOS in the
presence of the surfactant BrijS6, which was removed from the
sensing film via extraction with hot toluene. The sensor works in
the acidic pH range (pH 1—4).

In summary, sol—gel optodes excel by their mechanical
stabili?r. They withstand mechanical stress such as wiping with
tissue,’°® which can be useful for sensor cleaning (e.g., from
biofouling deposits) also in the presence of detergents.’””*"’
They were also reported to withstand repeating autoclavation
without change in sensing properties.608 In contrast to organic
polymers, the sol—gels do not swell in organic solvents, which
can be useful for measurements of proton concentration in
solutions containing organic solvents.”®’ On the other hand,
sensing properties of the optodes (apparent pK, value, response
time, leaching of the dye) are sensitive to the ratio of the
precursors used and reaction conditions (acid or basic catalysis,
temperature, and time needed for hydrolysis). Many sol—gel
films were reported to crack upon aging and storage. Sol—gel-
based sensors also often feature pK; values, which are largely
different from those of dyes in aqueous solutions and also cover a
wider dynamic range. Hydrolytic stability of sol—gels should be
kept in mind when designing sensors for basic pH range or using
harsh sterilization conditions.

6. IMMOBILIZATION OF INDICATOR DYES IN HOSTS

Leaching of pH indicators out of the sensor matrix represents a
common problem of optical pH sensors. Leaching severely
affects the calibration curves, also for majority of referenced
sensors, except for sensors based on measurement of
luminescence decay time or luminescence anisotropy. Many
pH indicators are hydrophilic and prone to leaching into the
aqueous samples. Leaching of the charged forms is particularly
likely. There are several useful strategies to overcome leaching. A
table with selected examples of immobilization procedures is
provided in the Supporting Information (Table SS).

6.1. Physical Entrapment of Indicators

This strategy relies on the physical entrapment of pH indicators
into a highly cross-linked matrix. It is important that the pore or
mesh size (distance between the cross-links) of the cross-linked
matrix is smaller than the size of the indicator. Mesh size is
comparably high in hydrogels based on cross-linked polymers.
For instance, highly cross-linked PEG-diacrylates have mesh
sizes varying from about 1 to 14 nm depending on the molecular
weight of PEG, its concentration and to a minor extent on the
amount of cross-linker.**”®'° The mesh size of swollen pHEMA
hydrogels cross-linked with ethylene glycol dimethacrylate is
1.6—2.4 nm.””° Evidently, a mesh size of 1 nm and higher cannot
prevent small dye molecules from leaching. This was
demonstrated, for example, using tetramethylrhodamine as a
model system.®'’ However, even in polymers with much smaller
mesh sizes of 0.57—0.65 nm (cross-linked pHEMA) the

https://dx.doi.org/10.1021/acs.chemrev.0c00451
Chem. Rev. 2020, 120, 12357—12489


http://pubs.acs.org/doi/suppl/10.1021/acs.chemrev.0c00451/suppl_file/cr0c00451_si_001.pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00451?ref=pdf

Chemical Reviews pubs.acs.org/CR

Physical entrapment

highly water-soluble lipophilic

Ho H /ONa s\( HO. s\\/
(L O i
— ‘ —
@ @ °
\\ v NaO/ ONa N/

o §o N
N o N
lipophilic h/ghly water- soluble lipophilic

(o]
o=u

wﬁ@g

Figure 25. Physical entrapment as strategy for immobilization of pH indicators into matrices

OH Covalent immobilization
0 OO ok T
NH,
N

N

H Amino-modified PHEMA
Amino-modified PAA

H,S0, conc. COOH COOH  Amino-cellulose

HO’

Silanized silica-gel

i PHEMA @
Cellulose
PVA OH

m Polyurethane hydrogels

Z:

Z:
Z:

PAA: R1 = NHz; Rz =H
PHEMA: Ry = 0-CH,-CH,-OH; Ry = CH3

COOH

Figure 26. Covalent immobilization for immobilization of pH indicators into matrices.

12397 https://dx.doi.org/10.1021/acs.chemrev.0c00451
Chem. Rev. 2020, 120, 12357—12489


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig26&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig26&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig26&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig26&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00451?ref=pdf

Chemical Reviews

pubs.acs.org/CR

diffusion of dye molecules, such as alizarin yellow, can be
detected although it indeed decreased at lower mesh size."'

Physical entrapment of indicators in nanoporous sol—gel
matrixes yields materials that show no leaching even in case of
highly water-soluble indicators such as fluorescein or HPTS. For
example, no leaching of physically immobilized fluorescein and
phenolsafranine was recorded for silica nanoparticles of 30 nm in
diameter.”’” McDonagh and co-workers did not observe
leaching of HPTS embedded in sol—gel obtained by hydrolysis
of a mixture of ethyltriethoxysilane and (3-glycidoxypropyl)-
trimethoxysilane.383 HPTS was used, however, in the form of an
ion pair with CTAB, which makes the indicator dye less
hydrophilic and more bulky. Modifications of the sensor matrix
to minimize leaching may, however, cause adverse effects, such
as longer response times.’”!

Addition of surfactants can also reduce leaching because the
amphiphilic molecules with their long alkyl chain tails can create
a lipophilic environment for the indicator dye.”* In case of the
negatively charged indicators, such as HPTS, quaternary
alkylammonium ions with long aliphatic chains are preferred
(Figure 25).>"**> The lipophilic ion pairs have been
incorporated into PVC, silicone, hydrogel,354 and sol—gel
matrices.”*’

Another common strategy relies on lipophilization of
hydrophilic indicator molecules via chemical modification by
introducing long-chain alkyl or perfluoroalkyl or tert-butyl
groups. This is different from the previously discussed
modification based on formation of ion pairs. The modified
dyes can then also be immobilized by physical entrapment
(Figure 25). For example, very hydrophilic fluoresceins are
rendered water-insoluble via a long hydrophobic alkyl chain
attached via ester bond or amide bond (carboxyfluorescein
derivatives, Figure 25). Water-soluble HPTS can be made
lipophilic by converting the sulfonate into N-alkylsulfonamide
groups (Figure 25). Chemical modification, however, can
strongly affect photophysical properties of the dyes. Whereas
lipophilization of carboxyfluoresceins via modification with
alkylamines in the 5(6)-position (Figure 25) has almost no effect
on the photophysical properties, introduction of alkyl chains
into 2’ and 7' position of fluoresceins strongly reduces
photostability and increases the pK, value. Hydrophobic
HPTS sulfonamides (Figure 25) display bathochromically
shifted absorption and emission maxima of the protonated
and deprotonated forms.

Dyes conjugated to dextrans and chitosans have been
immobilized in hydrogel,*** sol—gels,””' and pHEMA.’**"”
On the other hand, attachment of such hydrophilic macro-
molecules may not be sufficient to prevent leaching®" even from
cross-linked hydrogels. For instance, Kotsmar et al. demon-
strated that fluorescein isothiocyanate (FITC) modified with a
branched polysaccharide (MW ~ 70 000; hydrodynamic radius
18.5 nm) does not enter cross-linked HEMA hydrogels, while
FITC-labeled dextran (MW 20 000; hydrodynamic radius 9.3
nm) penetrates even 3.6 nm mesh size gels, albeit rather
Slowly.613

6.2. Covalent Immobilization of Indicators

Covalent coupling of the indicator to the matrix is the most
reliable strategy to avoid leaching and migration of the dye, but
often requires tedious synthesis or post modification of dyes.
Reactive derivatives of several indicators (such as fluoresceins)
are commercially available. The most common possibilities are
exemplified in Figure 26. Among the absorptiometric indicators,

the vinylsulfonyl chemistry common in textile industry was
adopted by Mohr and co-workers'®'” to prepare reactive pH
indicators such as 1. The 2-hydroxyethylsulfonyl group is then
converted to a sulfato-ethyl sulfone in the presence of
concentrated sulfuric acid. Subsequent treatment of these
intermediates with base results in the formation of reactive
vinylsulfonyl dyes. The latter react with polymers containing
hydroxyl groups, most commonly cellulose,"***” but also other
polymers, such as pHEMA, PVA, or certain polyurethane
hydrogels.”**** The method was then extended to naphthali-
mide-based PET pH indicators with a 2-hydroxyethylsulfonyl
function for covalent immobilization to cellulose.””” The
vinylsulfonyl group also reacts in thiol-Michael additions®"*
and can be radically polymerized.””® Azo dyes also were
covalently immobilized via (a) triazine coupling to cellulose,”*
(b) coupling to PVA via an aldehyde prepared from vinyl-
sulfonyl dyes,”””**® (c) copolymerization of vinylsulfonyl dyes
with acrylic monomers,”*® (d) coupling of Congo red to agarose
after activation with epichlorohydrin,”'**'* (e) carbodiimide
coupling of Congo red to pHEMA,*'” and (f) sol—gel reaction
with trimethoxysilane coupled methyl red.”**

Several reactive fluorescein-based pH indicators are commer-
cially available which explains their high popularity in optical
sensing despite poor photostability. For instance, 5(6)-
carboxyfluorescein 2 (Figure 26) can be coupled to amino-
modified pHEMA, PAM or cellulose via standard methods (e.g.,
DCC/EDC/NHS). 30/ 43397,411415,420,423,428,445 hor dye
classes with carboxy and amino groups have been also
immobilized using amide bond formation, for instance azo
dyes,>'7**22%°15 triphenylmethane dyes,””* Nile Blue,”'” or
xanthene dyes,***"* just to name a few.

Aminofluorescein 3 (Figure 26) can be reacted with acryloyl
chloride to give 4, which was copolymerized with a variety of
monomers including HEMA or AM,>3#00/406408:417,429,449,616
An analogous reaction was reported for piperazine substituted
naphthalenediimide.”®" On the other hand, aminofluorescein
can also be reacted with 3-glycidyloxypropyltrimethoxysilane or
3-(trimethoxysilyl)-propylisocyanate to give a reactive deriva-
tive for immobilization in sol—gels."'* Interestingly, in case of
the former, the pK; value of aminofluorescein was much higher
(7.9) than for the dye in aqueous solution (6.62), whereas for
the dye coupled to 3-(trimethoxysilyl)-propylisocyanate it was
almost identical (6.73). FITC 6 (Figure 26) is undoubtedly one
of the most popular reactive dyes. It can be directly coupled onto
polymers containing amino or hydroxy groups (—OH, only
under harsh reaction conditions), such as amino-modified
polystyrene beads,**> aminoethyl cellulose”**>**! and cellulose
nanocrystals,*'' amino-modified hydrogels,” and amino-
containing controlled pore glass,49 or reacted with 3-amino-
gi)?f%at,?zel%gﬂs}(}fge to give 7 for sol—gel immobiliza

If the polymer and the indicator share the same functional
groups, reactive linker units like cyanuric chloride or
epichlorohydrin can be used. These have two reactive sites,
one for the dye, and one for the polymer. Cyanuric chloride was
used to couple aminofluorescein to matrices such as cellulose or
PVA,***' and an iminocoumarin to microbeads of amino-
cellulose and amino-modified pHEMA.**® Epichlorohydrin
allowed coupling of Congo red and anthocyanines to agarose
and cellulose films.”'**'%%*

The widely used pH indicator HPTS was immobilized in
many ways. Representative examples include covalent linkage to
an amino-modified solid support via chlorosulfonyl groups”’
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after prior protection of the hydroxy group, or by replacing one
sulfo group by a methacryloyl group which then can be
copolymerized with poly(ethylene glycol)diacrylate.””

The versatile toolbox of click chemistry offers attractive
options in terms of covalent immobilization. For example, the
pH-sensitive rosamine derivative 8 (Figure 26) was covalently
immobilized into the pores of thiol-modified silica gel beads.">*
Alternatively, it can be reacted with 3-mercaptopropionic acid to
introduce carboxy groups for further modification. The thiol-
Michael addition is another click reaction that has been used for
immobilization of fluorescein on polymer-based nanopar-
ticles.”?® In this case, fluorescein-S-maleimide was used as
Michael acceptor and coupled to thiol-functionalized particles.

As can be seen (Table SS), the above approaches were widely
applied for immobilization of other functionalized pH
indicators. Moreover, the same strategies can be adapted for
immobilization of reference dyes. For instance, tetramethylr-
hodamine isocyanate was immobilized on the surface of silica
nanoparticles modified with amino groups."”* Rhodamine B
isothiocyanate was coupled to acrylamide and then copoly-
merized with 4.°'°

There is a number of less general methods. For instance,
Peterson and Goldstein directly copolymerized phenol red with
acrylamide.””> Umemura et al. used the vinyl groups of
protoporphyrin IX to copolymerize it with acrylamide.”” A
(p-hydroxyphenyl)porphyrin was covalently coupled to quartz
optical fibers whose surface was modified with trichloro[4-
(chloromethyl)-phenyl]silane.*** Dipicrylamine’** and Congo
red”"® were covalently coupled to cellulose that was activated in
a two-step procedure. Various azo dyes have been directly
synthesized on diazotized quartz and glass surfaces.">**>**?
Phenolphthalein was immobilized on amino-modified PAN
fibers using the Mannich reaction.”**”*** Phenolphthalein and o-
cresolphthalein can be polymerized by reaction with form-
aldehyde.”*’ The resulting polymeric indicators were coupled to
PVA. One should be aware of possible challenges associated
with materials based on covalently immobilized dyes. Immobi-
lization requires introduction of functional groups into the
polymer. Many indicator probes are immobilized by covalent
binding to amino groups or carboxy groups, but not all are
bound to indicator molecules. Quite a few remain unmodified,
and this introduces additional local charges (such as —NH," or
—COO™ groups). Residual charged groups that remain in
polymer after coupling may affect apparent pK, values of the
indicator due to formation of ion pairs with oppositely charged
dye molecules, increase the cross-talk of the material to ionic
strength or even act as fluorescence quenchers (e.g., via PET
effect in case of NH, groups for certain chromophore classes).
Therefore, end-capping of the residual functional groups is
advisable to reduce these undesirable effects. For example, the
effect of amino groups may be reduced by acetylating them
under appropriate conditions so not to acetylate the indicator
dye. Excess carboxy groups may be eliminated by converting
them into an amido group.

7. MATERIALS WITH DUAL FUNCTIONALITY
(INDICATOR AND HOST)

7.1. Metal-Organic Frameworks

Metal—organic frameworks (MOFs) are crystalline solids
characterized by extremely high structural diversity due to
almost unlimited combination of metal ions and linkers and
possibility of postmodification. Featuring high intrinsic porosity,

they have been extensively investigated for gas-separation and
gas-stora§e applications, in catalysis and for chemical sens-
ing.**"°** Rocha and co-workers®** were probably the first who
reported preparation of a pH-sensitive metal—organic frame-
work. A material composed of Eu** and 1,10-phenanthroline-
2,9-dicarboxylic acid showed typical lanthanide luminescence
upon UV excitation (350 nm). The Eu** ions have luminescence
peaks at 579 and 581 nm. The luminescence of the first peak
increases linearly from pH S to 7.5 by about 30%. The intensity
of the second peak remains constant thus providing the
possibility of ratiometric pH measurement. Several limitations
of the sensing material should be noted: (i) the peak maxima
differ by only 2 nm; (ii) the overall quantum yield is 0.56, but the
intensity of the analytically useful transition is about 2 orders of
magnitude lower than the inert transition; and (iii) irreversible
changes are observed at pH < 4 (due to protonation of the
carboxylic groups) and at pH > 8 (formation of europium
hydroxide).

Lu and Yan®** modified a bipyridine-containing MOF with
Eu*" and 2-thenoyltrifluoroacetone (TTA). Bipyridine binds
Eu®, which acts as an emitter, whereas the TTA ligand
coordinates to the Eu®* and acts as an antenna. The Eu’* is
located in two different environments, and only one of them is
affected by pH changes. In fact, the red luminescence of Eu**
(Amax 614 nm) remained unaffected by pH when excited at 330
nm. If excited at 375 nm a significant decrease of the
luminescence intensity occurs on going from pH 7.7 to pH
5.0. Such a change is associated with protonation of the TTA
antenna, which becomes only weakly bound to Eu®* so that its
sensitization ability decreases. Although such an effect can also
be observed for Eu-TTA complexes in solution, the advantage of
MOF is in its ability to retain the dissociated TTA molecules.
The MOF decomposes at pH values of <4 and >8.

Zhang et al.>® modified silk fibroin powder with pyromellitic
acid and Eu’*. In addition to the strong blue fluorescence of silk
fibroin originating from amino acids, red luminescence from
Eu® can be detected. The luminescence intensity moderately
(~25%) increased on going from pH 3 to 7. The intensity drops
if the pH was further increased from 7 to 10 because of
formation of europium hydroxide. A MOF composed of Tb*"
and viologen-functionalized m-benzenedicarboxylate was shown
to have a luminescence response from pH 2 to 7.°*

Li et al.”*” have physically and electrostatically immobilized
the Eu(IIl) thenoylacetonate complex (Eu(tta), on synthetic
silicate platelets via ion exchange. The resulting nanocomposites
were deposited onto glass slide to form sensing films.
Protonation of the antenna in acidic media resulted in complete
disappearance of the characteristic red luminescence of Eu®"
peaking at 611 nm. The material showed sigmoidal response
with a pK; value of 2.7. This makes it potentially suitable for
monitoring very low pH values. The short excitation wavelength
(345 nm) is a drawback, but the large Stokes shift is beneficial.

A triple-interpenetrated luminescent lanthanide-organic
framework was reported that enables ratiometric measurement
in the ranges from pH 2 to 7 and 7 to 10.5.°”® The MOF is based
on an amphoteric ligand (tetrabenzoic acid with two pyridine
rings) and Eu**. Upon excitation at 300 nm, the emission peaks
at 390 and 480 nm are modulated by pH. The MOF can be
combined with y-Fe,O; nanoparticles to allow magnetic
manipulation.

Qi and Chen®”’ reported aggregated MOF nanoparticles (& =
30—40 nm) composed of Tb**, dimethylformamide and
phenanthroline. The green emission is typical for Tb*" and is

https://dx.doi.org/10.1021/acs.chemrev.0c00451
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Figure 27. Chemical structures of the pH optodes based on conjugated polymers.

10-fold enhanced in acidic media (pH < 3.5). The luminescence
lifetime of Tb*" is, however, not affected by pH (7 ~ 400 us).
The response of the network to pH is reversible and the stability
in water is good. Common metal ions in 1 mM concentration do
not interfere. Xia et al.”* prepared a MOF incorporating both
Tb*" and Eu** which showed ratiometric response from pH 3 to
6. This represents an advantage compared to the materials
described above relying only on luminescence intensity, but the
stability of MOFs remains a main issue.

As can be seen from the examples above, hydrolytic stability
remains the main limitation of pH sensitive MOFs. Aguilera-
Sigalat et al.”*' modified a MOF composed of zirconium(IV)
and 2-aminoterephthalic acid with an indole moiety via
diazotation of the amino groups. It was attempted to increase
the hydrolytic stability of the MOF in basic media, yet the
performance in terms of sensing was not imgressive. A similar
strategy was utilized by Wang and co-workers*> who prepared a
MOF on the basis of Zrs clusters and 2,2'-bipyridine-5,5'-
dicarboxylic acid, responsible for the intrinsic pH sensitivity of
the material.

The MOF reported by Zhou and co-workers,®*® in contrast,
features exceptional hydrolytic stability even in boiling water and
in aqueous solutions with pH values from 1 to 11. The

framework composed on zirconium(IV) and meso-tetra(4-
carboxyphenyl)porphyrin showed intrinsic NIR fluorescence
from the metal-free porphyrin. Fluorescence increases in several
steps (pH 1—6.5, 6.5—9, 9—10) corresponding to the formation
of several forms of the porphyrin (dicationic, cationic, neutral
and monoanionic). A similar MOF based on Zr(IV) and meso-
tetra(4-carboxyphenyl)porphyrin was reported by Deibert and
Li®** The authors reported high stability of the network in
acidic media and distinct color change from purple to green at
pH < 2 caused by protonation of the pyrrole nitrogens of the
porphyrin. On the contrary, Lu and co-workers” utilized
deprotonation of the pyrrole nitrogens in a similar MOF
prepared in the form of spherical particles (average size = 330
nm). The intensity of the red emission of the porphyrin
increases from pH 9 to 11. Apart from the porphyrin, the MOF
also incorporated magnetite nanoparticles and a rhodamine dye,
which provided the MOF with magnetic properties and pH
sensitivity in the range from 2 to 7, respectively. The main
limitation of the porphyrin-based pH sensitive MOFs is
potential interference from many metal ions that can be
complexed by the metal-free porphyrin thus rendering the
receptor pH insensitive.

https://dx.doi.org/10.1021/acs.chemrev.0c00451
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Wu and co-workers®*® described a stable MOF prepared from
cadmium(1I) and §,5'-(ethane-1,2-diylbis(oxy))diisophthalic
acid. It is stable both in highly acidic (pH 2.0) and highly
alkaline (pH 12.2) solutions. Upon UV excitation (4 =310 nm),
the MOF showed emission band peaking at 350 nm and a
shoulder at 410 nm. Fluorescence varies with pH values at <2 or
>11. The use of Cd(II) ions makes such a sensor less attractive.

Xu and Yan®’ prepared a MOF composed of A* and 2-
aminoterephthalic acid. Its blue fluorescence increases linearly
from pH 4 to 7.5 by 25% and the response is reversible, but
heavy metal ions interfere. Nonfluorescent Zr(IV) MOF
nanoparticles (112 nm) were postmodified®*® with the pH
indicator fluorescein. The sensing properties of the pH sensor
are similar to those of the dissolved dye. Its high brightness and
efficient cellular uptake via endocytosis makes the MOF a
promising tool for intracellular imaging of pH.

Nanoscale metal—organic layers were prepared and function-
alized with a pH-sensitive fluorescein and an oxygen-sensitive
ruthenium(II) bipyridyl complex linked to a hafnium(IV)-based
framework to obtain a sensor material for ratiometric
determination of both pH values and oxygen in live cells.”*
Co-immobilized rhodamine B acts as a reference fluorophore.

In contrast to above MOFs, also a material with pH-
dependent emission wavelength was reported.”*” The MOF is
prepared from carbazole based ligands and Zr-clusters. Upon
excitation at 365 nm, the emission peak shifts linearly from ~420
to 600 nm when going from pH 1 to 8. The MOF degrades in
aqueous solution with pH above 9. Interestingly, the pH
sensitivity appears not to originate from the NH-group of the
carbazole but rather from a conformational change in
structurally flexible carbazole-based building block.

A smart approach was presented by Ding et a who
described a light-harvesting MOF nanoprobe for ratiometric
fluorescence-based determination of pH values and temper-
ature. The zirconium(IV) derived MOFs are self-assembled and
combined with pH-responsive polymers, the MOF acting as the
energy donor and the pH-responsive polymer conjugated to
fluorophores acting as energy acceptor. In the light-harvesting
system, the chain lengths of the stimulus-responsive polymer
vary when the local pH value changes. pH values can be sensed
between 3 and 8 under 420 nm excitation and by ratioing the
emission peaks at 645 and 530 nm. The nanoprobe was applied
to image pH values in HeLa cells.

It can be summarized that despite some promising approaches
that have been described, the so far known MOF pH probes can
hardly compete with better sensing materials. Disadvantages
include (i) short wavelength of excitation and emission, (ii) low
brightness, (iii) comparably small signal changes, and (iv) poor
hydrolytic stability. Some MOFs have been reported to be stable
over a broad pH range, but these materials suffer from other
drawbacks as mentioned above. It also is often difficult to explain
the pH effects on the luminescent properties of MOF, which
makes rational design of improved materials challenging.

641
1.9

7.2. Conjugated Polymers

Conjugated (conductive) polymers, such as polyanilines, are
colored, and some display fluorescence. If they contain
protonable functions (such as amino groups or nitrogen ring
atoms), their spectra are pH-dependent. Such materials possess
the dual functions of an indicator and a matrix. This can be
advantageous due to simplicity of sensor manufacturing and lack

of leaching.

12401

Carey and Jorgensen®' were probably the first who applied
conjugated polymers for optical pH sensing. Poly-
(phenylquinoline), poly(biphenylquinoline) and poly-
(phenylquinoxaline) (Figure 27) were shown to display pH-
dependent fluorescence, depending on the polymer, in strongly
acidic conditions (0.1—8.4 M HNOj;). The material was used to
design fiber optic pH sensors.

Polyaniline (PANI; see Figure 27) is a widely used conjugated
polymer that functions as both a solid support and a pH probe. It
can be conveniently prepared via oxidative polymerization of
aniline in acidic aqueous solution. M, and M,, values of 22 000
and 74 000 g/mol have been reported,®*” but they are likely to
vary significantly depending on the experimental conditions.
PANI is an electrical conductor in the protonated state (Figure
27) and possesses strong NIR absorption (4,,,, 840 nm)®® that
extends to beyond 1450 nm. The deprotonated form, in
contrast, has an absorption maximum at 600 nm.’® Polyaniline
has multiple pK; values. As a consequence, it responds to pH
over a wide range (pH 2—12).”° Ge et al.*® were probably the
first who deposited polyaniline onto a fiber core directly by
polymerization. The thickness of the layer was controlled via the
coating time (15—60 min) and the concentration of monomer in
solution. Multiple evanescent field absorption was realized to
warrant efficient absorbance, which was monitored in the NIR.

Pringsheim et al.*® utilized both visible and NIR absorption of
various PANIs. The polymers were deposited on the inner wall
of polystyrene cuvette. pH values were calculated from the ratio
of absorbances at 600 and 840 nm. Unlike PANI, poly(2-
bromoaniline), poly(3-chloroaniline), and poly(4-chloroani-
line) are not sensitive to pH values between pH 1 and 12.
Other conductive polymers possessed spectral properties similar
to polyaniline but different pK, values. For instance, the pK,
values for PANI, poly(2-toluidine), poly(3-toluidine), poly(N-
methyltoluidine), and poly(diphenylamine) are 7.38, 7.23, 6.61,
542, and 10.5, respectively. The pK, from polyanilines from
copolymerization of aniline and o-phenylenediamine could be
adjusted by changing the molar fraction of o-phenylenedi-
amine.®*® The films were electrochemically deposited, and their
absorbance changed in the range from 400 to 1000 nm with two
isosbestic points at 465 and 830 nm. The authors later®** also
prepared fluorescent beads (360 nm i.d.) coated with PANI that
respond to pH values between S and 11 via an inner filter effect.

De Paoli and co-workers explored the pH sensing properties
of a similar polymer, poly(o-methoxyaniline) as a composite
with p-toluene sulfonic acid and cellulose acetate.’** The
stability of the composite was high, allowing measurements
within 9 months (albeit with recalibration every 10 days), but
various salts have a strong effect on the titration plots.

Another group®** prepared sensing films by directly casting
polyaniline and 10-camphorsulfonic acid from 1,1,1,3,3,3-
hexafluoro-2-propanol. 1-um thick films showed fast response
(tgo ~ 1 s) and operated reversibly for more than 300 h (500
cycles) without noticeable leaching of the polymer. However,
the titration curves showed very strong hysteresis (~1.5 units
around the pK; value) on going from pH 2 to pH 10 and back. It
should be mentioned that many PANI sensors are slowly
decomposed by air. They also are affected by ascorbic acid,
ozone, hydrogen sulfide, and NO,. This limits their applicability.

De Marcos and Wolfbeis investigated the pH sensing
properties of polypyrrole.* A thin polymer film (<1 ym) was
deposited on the inner walls of polystyrene cuvettes. Polypyrrole
possesses broad absorption in the range 400—1100 nm with a
minimum at around 550 nm and a maximum in NIR. An
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increase of pH causes an increase of the absorbance between 600
and 900 nm and the shift of the absorption minimum from 600
to 500 nm. This corresponds to a color change from dark brown
to green that can be observed visually. The pH dependence of
the absorbance has sigmoidal shape (pH S—12, pK, = 8.66) and
is attributed to presence of hydroxy groups attached to pyrrole
rings in the polymer. The response of the sensor was rather fast
(10-20 s) and the calibration independent of the buffer
composition. Unfortunately, the response of the material is not
reversible at high pH values.

Few fluorescent conjugated po?fmers are known for use in pH
sensing. Wang and co-workers *¢ reported a copolymer of
fluorene and thiophene (PFPDA, Figure 27) modified with
dopamine. The polymer has a strong blue fluorescence at low
PH (Anax =455 nm). At higher pH, dopamine is converted into a
quinone form due to its autoxidation and the fluorescence is
quenched via intramolecular electron transfer from conjugated
polymer to quinone. Obviously, such a sensor relies on adequate
oxygen supply.

Several reported pH-sensitive fluorescent conjugated poly-
mers incorporate pyridine as a pH-sensitive group. Kappaun et
al.®"’ reported on an alternating oligomer (M, = 2300 g/mol) of
9,9-dihexylfluorene and pyridine (PFIPy, Figure 27), which
showed pH-dependent fluorescence (pH range from —0.2 to
+0.5) in a solid film triggered by protonation of pyridine.

In a similar work, Adachi et al.°*® demonstrated reversible
modulation of the fluorescence properties of poly(p-pyridinium
phenylene ethynylene) (PPyPE, Figure 27) by pH. Protonation
of pyridine in acidic medium results in about 2-fold decrease of
the blue fluorescence (4, = 455 nm), which is reversed upon
addition of base. Unfortunately, only studies in a mixture of
water and tetrahydrofuran were reported, so it remains unclear
whether the material also works as a thin sensors film or in the
form of nanoparticles. A conjugated hybrid polymer consisting
of a polyfluorene-based conjugated backbone with thiophene
units and carrying pyridyl moieties was reported to enable
fluorometric sensing of pH value in the range from pH 4.8 to
13.°*° The material was used to prepare sensor nanoparticles. If
the pyridyl moieties are omitted, the fluorescence of the material
is not affected by pH values.

Park and co-workers® investigated the luminescence of
poly(N-phenylmaleimides) (PPMI, Figure 27). Although not
conjugated in the keto form, these polymers feature conjugated
structures in the enol and enolate forms and are fluorescent,
although the fluorescence is not very strong (QY of 5—11%
depending on the solvent). A water-soluble block copolymer of
PPMI and PEG showed ratiometric sensing capabilities in
aqueous media (change from green to yellow fluorescence on
going from pH 3 to 11) with fully reversible response.
Importantly, the pH sensitivity was retained by incorporating
the polymer into cross-linked polyethylene glycol diacrylate
hydrogel.

In a different approach, Chan et al.”*° prepared pH sensitive
nanoparticles where a conductive polyphenylene-based polymer
(PPE, Figure 27) was used as a fluorescent energy donor. pH
functionality was introduced via a fluorescein moiety attached to
the polystyrene backbone. Strictly spoken, this is not a
conducting polymer with dual function, but a fluorescently
doped conducting polymer. Both polymers were blended to
obtain about 25 nm-large nanoparticles. Upon excitation with
UV light, the conjugated polymer emits blue light (4., ~ 430
and 460 nm). The blue emission of the polymer is virtually pH-
independent. On the other hand, the green emission of

fluorescein is significantly enhanced upon deprotonation and
ratiometric read-out becomes possible depending on the
efficiency of FRET.

The pH sensing materials based on conjugated polymers are
summarized in Table S6.

In summary, the earlier research was mostly focused on
investigation of absorptiometric response of polyanilines.
Despite reversible response and stability in solution, the
performance of these materials is compromised by strong
hysteresis of the response, poor stability of the materials on air,
and sensitivity of the polymers toward reductants or oxidants.
On the other hand, fluorescent conjugated polymers provide
significantly higher flexibility in design and properties with
potential benefits of high brightness (polymer is a chromophore
itself) and absence of leaching. Additionally, nonlinear proper-
ties of the conjugated polymers (high two photon absorption
cross sections) are particularly attractive for application in
microscopy. However, currently their performance is compro-
mised by high hydrophobicity of the backbone, which retards
proton diffusion. We envisage that synthesis of significantly
more hydrophilic conjugated polymers with pH sensing
functionality will represent a significant progress in the field of
optical pH sensors.

7.3. Genetically Encoded Fluorescent Proteins

Genetically encoded fluorescent proteins (GEFPs) proved to be
essential tools for labeling of proteins, cells, tissues and whole
organisms.’*' ~**” GEFPs can be rendered sensitive to different
analytes such as metal ions, nitrogen oxide, reactive oxygen
species and used for noninvasive imaging of these parameters in
vivo.”>! Compared to molecular probes and nanoparticles,
GEFPs have the advantage that they do not require an invasive
procedure in order to be introduced into the cell. In addition,
they do not disturb cellular functions, do not leach and can be
adjusted to various wavelengths. On the other hand, photo-
stability of GEFPs may be poor (in the same order of magnitude
as of fluorescein).®®” The most important class are green
fluorescent protein (GFP) homologues. The “Phytofluors”,
isolated from phytochrome proteins, form another class of such
proteins. They display red and near-infrared fluorescence.®”’
Apart from the pH sensitivity intrinsic to most GEFPs, several
pH probes have rationally been developed that feature improved
fluorescence. These GEFPs fulfill the dual function of a pH
indicator and a protein matrix. It protects the chromophore from
undesired interferences. For intracellular measurements, the
GEFP probes represent a promising alternative to molecular
probes and nanosensors (see section 8 for more details) and
benefit from their intracellular expression and high biocompat-
ibility. Similar to fluorophores, the major properties to be
considered are spectral properties, brightness, photostability and
cross-sensitivity to other parameters.””’ Some additional
considerations are necessary to find a suitable GEFP for given
organism and cell type. The brightness of the sample depends on
the kind of protein expression, folding efficiency, chromophore
maturation rate and stability of the GEFP to environmental
parameters and aggregation.””"*** For the formation of the
chromophore, the GEFPs need to reach a near-native
conformation.”’ Consequently, to increase the brightness,
GEFPs with high folding efficiencies were developed.®’
Depending on the targeted organelle, a GEFP with a suitable
pK, for the prevailing pH has to be chosen. pH values can range
from 4.5, in lysosomes, to around 8 in mitochondria.®®" Most
cancer-active cells have pH values of <6. These ranges are well
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Table S. Characteristics of Nanomaterials Used for pH Sensing

size (nm) photostability modes

advantages
commercial availability, no further
modifications, cover a wide spectral range
biocompatible; can be used for intra- and

lower interferences compared to molecular

high brightness; often relatively long
luminescence decay times and FLIM

complete elimination of background

high versatility in materials, preparation
methods, cell penetrating properties and

high versatility in materials, preparation
methods, cell penetrating properties and

also pH-insensitive dyes can be used

limitations
undefined properties in complex biological
environment

long maturation times for some proteins

only partial protection from environment; high
synthetic effort

blinking; toxicity

2-wavelength ratiometry often possible; typically
photoexcited at 880 or 980 nm

robust methods for indicator immobilization are
necessary to avoid leaching resulting in higher effort

robust methods for indicator immobilization are
necessary to avoid leaching resulting in higher effort

mostly short-wavelength excitation; emission can
depend on exc. wavelength, prone to interferences

very narrow dynamic range; concentration dependence

molecular probes <1 —to+ AF
genetically encoded ~3 —to~ F
fluorescent proteins extracellular measurements
dendrimers 1-14 —to + AF
probes
quantum dots of type 2—-10 + F
MeX
suitability
upconversion 10—100 + F
nanomaterials fluorescence
organic polymeric NPs 10-200 —to+ A F
size
silica NPs 3-200 —to + AF
size
carbonaceous 3—-15 + F simple preparation
nanomaterials
polymeric micelles with ~ 3—50 —to + AF
conformational
changes

of micellar formation except for unimolecular micelles

covered by GEFPS with reported pK, values ranging from 2.7°"*

to 8.5.°%

The pH sensitivity of most GEFPs relies on the deprotonation
of a phenol moiety with a pK, usually between 5.2 and 7.2. Some
GEFP representatives, however, have amino acids in the local
environment that buffer chromophore ionization and therefore
render them unsuitable for pH sensing.’** The emissive
properties of the undissociated phenol group determine whether
GEFP representatives can be used for ratiometric sensing. There
is a large number of GEFPs that display only poor emission from
the neutral chromophore. As intracellular pH calibration is
impractical and the amount of chromophore is unknown,
absolute pH values cannot be determined with GEFPs relying
solely on fluorescence intensity measurements. These GEFPs
are therefore limited to reporting temporal changes of pH.

Ratiometric GEFP probes, in contrast, do not require the
knowledge of their concentration for pH values to be measured.
Both ratiometric excitation and emission probes have been
reported for GEFPs. For example, “pHlourin” displays excitation
peaks at 395 and 475 nm for the protonated and deprotonated
forms, respectively, and green emission for both forms at 508
nm.’®> Analogously, the long-wavelength probe “pHRed” emits
at 610 nm after excitation at 440 and 585 nm of the
deprotonated and protonated forms, respectively.”*® “deGFP”
family represents ratiometric emission probes. The pK, values
range from 6.8 to 8.0 and the proteins show a shift in emission
wavelength from 460 to 515 nm upon excitation at 400 nm when
going from low to high pH.**’

The fusion of two GEFP variants having different pH
sensitivities is another approach for design of ratiometric
GEFP probes. For instance, pH sensitive mutants EGFP and
EYFP were separately fused to form GFPuv.’®® For both
variants, dual excitation mode ratiometric sensing was possible,
and for one of them also pH dependent FRET was observed.
Analogously, the fusion of yellow fluorescent protein (YFP)
acceptor variants with enhanced cyan fluorescent protein
(ECFP) was used to create a family of FRET-based GEFPs
for pH sensing, the “pHlameleons”.*® Contrary to development
of other GEFPs used as pH indicators where mutagenesis is
necessary, these ratiometric probes can be constructed by

ligation of two literature-known GEFPs with known pH
dependent characteristics.

The first GEFP probes were based on the use of green
fluorescent protein. Given its success, large progress in design
and optimization of red and far-red emitting proteins was
achieved.®**" These are even better suitable for intracellular
imaging due to efficient elimination of (shortwave) autofluor-
escence, deeper light penetration and reduced phototoxicity. For
example, Tantama and co-workers®®° designed a ratiometric
probe for intracellular pH imaging (called “pHRed”) featuring
fluorescence peaking at 610 nm and two excitation peaks at 440
and 585 nm for deprotonated and protonated forms,
respectively. Another red fluorescent protein (“pHuji”),
reported by Shen et al;*’’ combined attractive spectral
properties (Ao = 566 nm, 4., = 598 nm), large fluorescence
change between pH 5.5 to 7.5 (22X enhancement of
fluorescence) and a sigmoidal calibration curve.

The use of GEFPs with efficient two photon absorption
enables even deeper light penetrations and superior signal-
overbackground levels. The determined two-photon absorption
cross section for various GEFPs vary significantly, but values in
the range from 180 to 600 000 Goeppert—Mayer units indicate
efficient two-photon absorption despite all controversies.®”"
Especially, the probes, deGFP4 and E2GFP, appear to be
promising candidates for two-photon fluorescence-based pH-
measurement.’***%

8. NANOMATERIALS

8.1. Nanoparticle-Based Sensing of pH Values

Nanoparticle-based sensor materials, commonly referred to as
“nanosensors”, represent a comparably new optical sensors
format. The definition of a nanosensor is analogous to that of a
chemical sensor, with the restriction that its dimensions are
supposed to be smaller than 1 gm®”* or—in another definition—
than 100 nm.®”> With increasing size, materials or their
aggregates cause increasing light scattering as the intensity of
scattering (Rayleigh scattering) scales with the power of sixth of
the particle diameter. Table 5 summarizes the different
dimensions and characteristics of dyes, fluorescent proteins,
and nanomaterials.

https://dx.doi.org/10.1021/acs.chemrev.0c00451
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Table 6. Nanosensors Based on Dendrimers or Biomolecular Conjugates

class material

PAMAM
PAMAM-—1,8-naphthalimide

dendrimers

acetyl-capped GS PAMAM~—SNAREF 2 and boronate-caged

peroxyfluor-1
PAMAM-2 1,8-naphthalimide dyes
PAMAM-—1,8-naphthalimide dyes
PAMAM—perylene diimide

PAMAM-—7-hydroxy-4-methyl-3-coumarinylacetic acid, 5(6)-

carboxyfluorescein, Oregon green 488
poly(propyleneamine) —methyl orange
polyglutamic dendritic porphyrins

tetraaryltetracyclohexenoporphyrins with 8 Newkome-type dendrons

and PEGylated periphery

biomolecular
conjugate

bovine serum albumin NPs—ref dye

bovine serum albumin—energy transfer cassette
DNA-gold NPs

fluorescein—DNA—gold NPs

elastin-like recombinamers and gold NPs
DNA~—Alexa-488 and 647
oligonucleotides, gold NP—dyes
DNA-dye, graphene oxide
protein—naphthalimide
bacteriophage—cyanine dyes
bacteriophage—fluorescein, rhodamine

bacteriophage—fluorescein, rhodamine

comment ref
pH-dependent intrinsic fluorescence 709-711
PET-based, metal ion cross sensitivity 712=717
dual imaging of pH and H,0, 707
light harvesting, PET-based 718
PET from dendrimer to dye, light harvesting 719-722
PET from dendrimer to dye, metal ion cross sensitivity 723
specific subcellular localization 724
GO and G1 properties similar to dye 725
ratiometric, pK; changes with generation number 726
pK; in physiological range, no effect of ionic strength 727
BSA NPs pH sensitive, ratiometric 728
temperature dependent localization in cell 729
absorption, pH-dep. conformational change 730
for pH monitoring during application of nanomaterial- 731
based therapeutics, ratio metrically
absorption, pH-dep. conformational change 732
pH-dep. conformational change, FRET based 733
FRET based 734
pH-dep. conformational change and quenching 73S
pH-dep. conformational change, solvatochromic dye 736
ratiometric, NIR, imaging 737
ratiometric, NIR, imaging 738
FRET-based 739

Nanomaterials and respective sensors can be subdivided into
three groups, namely, 1D nanomaterials (nanowires) 2D
nanomaterials (nanosheets), and 3D nanomaterials (spherical
dots). There has been enormous progress in this field, which is
highlighted in several reviews;®” >~ 7% regarding pH sensing,
there is a book section with an extensive review on nanoma-
terials for intracellular pH sensing and imaging.” Due to their
small size, nanosensors are suitable for measurements in small
samples, most prominently cells and in tissue cells. This is hardly
possible with other sensors. The small dimensions also decrease
diffusion pathways of analytes to the “indicator chemistry”.
Therefore, they have virtually instantaneous response and
qualify for investigation of fast processes.

Molecular probes also feature similar characteristics but they
are more prone to various interferences caused by nonspecific
binding and effects of the environment. On the other hand, their
broad commercial availability, versatility of properties and broad
accumulated knowledge on selectivity, cell delivery and
distribution, and toxicity, currently make them tools of choice
in most biological studies. In situ calibration of such probes
enables correction for many interferences.

The matrix in nanosensors fulfills a protective function and
improves the robustness of the nanosensors. For instance, the
pH response of the nanosensors in the absence and in the
presence of proteins is often very similar.** This is in distinct
contrast to molecular probes. Nanosensors, therefore, are more
easily calibrated. From another perspective, the matrix protects
the cellular environment from direct contact with potentially
cytotoxic dyes. Nanosensors with incorporated reference dyes
simplify referenced sensing. Yet, leaching and photobleaching
effects should be kept in mind for these materials.

The potential of nanosensors has been recognized several
decades ago by Liibbers and co-workers who were probably the
first to encapsulate a pH indicator in nanobeads.”’ The pH-

probe f-methyl-umbelliferone (7-hydroxy-4-methylcoumarin)
was embedded into polyacrylamide beads obtained via polymer-
ization of the monomer initiated by y-irradiation. The
nanoparticles (150—200 nm) showed response to pH in the
range of 6—8. Kopelman and co-workers later described so-
called PEBBLEs (probes encapsulated by biologically localized
embedding), that is, nanosensors for various parameters
including pO,, Ca*", pH, etc. 7433

Nano- and microparticles have also been used to design
optodes of other formats (planar optodes or fiber optic sensors)
by dispersing them in proton-permeable hydrogels or in
micrometer-sized beads. Also, more than one kind of nano-
particles can be used. This approach allows for simple
adjustment of the sensor composition and is particularly useful
for preparation of referenced sensors' > *15%*3% (section 2.11)
and multiparameter sensors>®"*****! (section 10.7). In contrast
to the situation where all the emitters are dissolved in a single
matrix, application of micro- and nanoparticles allows for
separation of components and, therefore, minimization or
elimination of undesired effect, such as FRET, luminescence
quenching, decreased photostability due to formation of reactive
oxygen species etc. For each indicator dye or intended purpose,
an appropriate matrix can be chosen.'*”*>*** Considering the
rather large number of pH nanosensors reported and their good
characteristics, it is rather surprising that their potential has been
so scarcely explored for manufacturing of optodes.

Most pH nanosensors have been designed for intra- and
extracellular pH imaging. However, other applications of pH
nanosensors such as pH sensing in microfluidic devices are
gaining popularity.”” For intracellular measurements, particles
have to be placed in cells. Methods for delivery include injection
with a gene gun, a pico-injector or cell delivery with the help of
liposomes have their advantages and disadvantages."*’ Nowa-
days, most of pH nanosensors can be incorporated into cells via
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Table 7. Examples of Nanosensors Based on Silica Particles

class

silica particles

mesoporous silica
nanoparticles

material

Stober, naphthalimide, and sulforhodamine B
rhodamine B isothiocyanate

microemulsion, FITC and Ru(bipy);>*
microemulsion, FITC and Ru(phen),**

HPTS-polyelectrolyte-SiNPs, rhodamine B
SiNPs

poly(ethylene glycol) or hyaluronic acid coated
SiNPs

zeolite core, silica shell, Stober, fluorescein
ormosil NPs, naphthalenylvinylpyridine
spirorhodamineamide

core—shell SiNPs, acridine orange

core—shell SiNPs, reverse microemulsion; HPTS

modified Stober, fluorescein,
tetramethylrhodamine

imidazolium salicylaldehyde ionic liquid Schiff
base immobilized on SiNPs

fluorescein and rhodamine B

fluorescein and rhodamine B

fluorescein and Texas red

hollow MSiNPs

MSiNPs pores blocked by polyethylenimine

comment ref
core—shell NPs, ratiometric 471
mechanism of pH sensitivity remains unclear 743
ratiometric imaging 744, 745
core shell, ratiometric imaging 746
raspberry-like assembly of the two SiNPs 747
increase of colloidal stability 748
ratiometric 436
two-photon active 526
different particle architectures investigated 459
linear calibration 749
indicator physically entrapped in the shell; works in the pH range from 5.5to 750
9.0
core—shell NPs, ratiometric imaging 751
60-fold intensity increase as the pH value increases from 5 to 11; method also 752
applied to the determination of ammonia
charge neither affected pH response nor cellular uptake, but localization 753
FRET-based 618
cell permeable 754
extended pH range 755
targeting mitochondria 756

natural uptake (endocytosis), which is facilitated by the presence
of positively charged groups on the surface of the nanoparticle.
However, positively charged particles often are more cytotoxic
than negatively char§ed ones, which in turn are more cytotoxic
than neutral ones.””"’* Positive charges are more likely to
enhance membrane disruption, while anionic charges are more
likely to enhance apoptosis.”’* Fortunately for cancer research,
nanoparticles tend to preferentially accumulate in tumor tissues
due to the enhanced permeability and retention effect (EPR)
and the poor lymphatic drainage of tumors.*”>”*

In all cases, aqueous dispersibility of nanosensors is essential.
This is usually enabled by introducing charged or uncharged but
polar groups on the surface of nanoparticles. Depending on the
kind of charged groups present on a surface (examples being
carboxy groups or protonated amino groups), the surface charge
will be affected by the actual pH value. Consequently, these
groups may also have a varying buffering effect and thus perturb
pH measurements.

8.2. Dendrimers and Biomolecular Conjugates

Dendrimers are highly branched and mostly symmetrical
molecules that are built up via branched monomers from a
central multifunctional core. Their size and composition can be
systematically varied to tailor the properties. Starting from the
core, the number of branching points to the surface defines its
generation. Typically, dendrimers with only a few generations
can be obtained in a highly monodispersed form; for higher
generations, purification is impeded by the similarity of the
desired dendrimers and small-defect byproducts.””® Most
dendrimers are based on the use of polyamidoamines
(PAMAMs), and less so of polyimines, polypeptides, polyethers,
or polyesters. In dendrimers for optical sensing, the indicator
dye core is protected from its environment by the oligomeric/
polymeric shell, which is assembled around the chromophore.
Alternatively, the indicator dye can be coupled to the surface.
Peripheral coupling is chosen when high indicator concen-
trations without ag_%regation are desired or when multiple dyes
are to be coupled.””” Because of the small distances involved,

FRET may occur, especially when using high dye concentrations
or dyes with overlapping absorption/emission spectra. From
another perspective, dendrimers are useful structures for
designing FRET-based systems. Apart from application as self-
contained tools for sensing, dendrimers have also been used in
composite materials to prevent dye leaching from a sol—gel
matrix after physical entrapment.””®

Another way to generate water-soluble pH sensitive nanop-
robes is to couple a pH probe to an oligonucleotide, protein or
even viruses. The biomolecule serves to protect the pH probe
against its environment and can be used for targeting.
Biomolecules can also change their conformation depending
on the pH. These changes can be used to modulate the
environment of probes based on FRET, quenching or polarity.
Table 6 summarizes nanosensors based on dendrimers or
biomolecular conjugates.

In the above examples, coupling of an indicator to the surface
of biomolecules or dendrimers not always results in strong
protection from environmental influence, which may affect the
pK, or photophysical properties. Consequently, for these
materials the distinction between sensors and probes is blurred.
However, conjugation can significantly improve the applicability
of such materials compared to molecular probes as it allows
targeting and, analogously to that of the bulk optodes, prevents/
minimizes leaching and enables referenced sensing by
cocoupling of a pH-insensitive dye.

8.3. Silica Nanoparticles

Silica-based nanoparticles are chemically inert, photostable and
thermally stable materials that do not swell when dispersed in
water. Due to their surface silanol groups, they are intrinsically
hydrophilic and surface modification is straightforward.
Generally, dispersibility in water is good but bivalent ions may
cause aggregation. The nanomaterials are reported to be
biocompatible and are hardly attacked by bacteria. Several
reviews illustrate their importance in bioapplica-

. 689—693,740,741 : .
tions. /7" Two main approaches are mainly used for
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Table 8. Overview of Nanosensors Based on Polymeric Particles

class

hydrophilic
polymers

hydrophobic

polymers

core—shell
nanoparticles

liposomes,
micelles and
emulsions

cellulose and
dextran

material

polyacrylamide, various fluorescein derivatives
polyacrylamide, HPTS

polyacrylamide, fluorescein, rhodamine B
polyacrylamide, hyaluronic acid on surface
polyacrylamide, fluorescein, Oregon green, rhodamine

polyacrylamide, pH indicators oregon green, oregon green 488 and fluorescein,
pH-insensitive reference fluorophore Alexa 568

polyacrylamide, oregon green fluorescein, rhodamine B

hydrogel, fluorescein, magnetic particles

polyurethane, bromothymol blue, Nile red, coumarin 6

Eudragit RL-100, 1,4-diketopyrrolo-[3,4-c]-pyrroles, Macrolex yellow

Eudragit RL-100, perylene bisimide

Eudragit RL-100, triangulenium dyes

hyperbranched polymer composed of polylactide and PEG, 2 naphthalimide dyes
amino modified cross-linked polystyrene, FITC, diphenylanthracene

amino modified cross-linked polystyrene, fluorescein

methyl methacrylate, 2-aminoethyl methacrylate copolymer, 1,8-naphthalimide,
fluorescein

polyacrylonitrile, fluorescein, Ru(dpp)

PVC, chromoionophore I

poly(phenylene-1,4-ethynylene), fluorescein

polystyrene core, poly(acrylic acid) shell, naphthalene diimide

poly(N,N-dimethylaminopropylacrylamide) core, poly(acrylamide) shell,
naphthalimide, rhodamine

polyaniline shell, polystyrene core, dye
poly(styrene-block-vinylpyrrolidone), fluorescein derivatives and HPTS
poly(styrene-block-vinylpyrrolidone), porphyrin, aza-BODIPY

poly(N-isopropylacrylamide) shell, polystyrene core, 1,8-naphthalimide, ref dye
hollow polymer microcapsules filled with SNARF-1-dextran-conjugates

poly(2-(methacryloyloxy) ethyl phosphorylcholine-block-2-(diisopropylamino)
ethyl methacrylate), Nile blue-based dyes

copolymer of poly(methyl methacrylate) and poly(methacrylic acid), 1,8-
naphthalimide, rhodamine

triblock copolymer, coumarin, Oregon green 488, 2/,7’-bis(2-carboxyethyl)-5-
(and-6) carboxyfluorescein, Alexa 633

micelles from poly(vinylpyridine) and poly(vinylphenol) containing polymers,
fluorescein, tris(dibenzoyImethanatogeuropium(III)

copolymer from poly(e-caprolactone) and poly(oligo(ethylene glycol)
methacrylate) with positively charged ammonium groups on the surface;
fluorescein, PtTFPP

via coprecipitation from polystyrene amino-terminated polystyrene, poly(styrene-
co-maleic anhydride) and poly-L-lysine; FITC, PtTFPP

polypeptide micelles, fluorescein and N-(rhodamine B) lactam

nanoemulsions from perfluoropolyethers, Pluronic F68, polyethylenimine, cyanine
dyes

liposomes from dimyristoylphosphatidylcholine, cholesterol, dihexadecyl
phosphate, fluorescein

phospholipid coated polystyrene particles, fluorescein, tetramethylrhodamine
cellulose nanocrystals, fluorescein, Oregon green, rhodamine
cellulose nanocrystals, fluorescein

aminocellulose particles, fluorescein isothiocyanate, Ru(dpp)-PAN

dextran-propionate, fluorescein, sulforhodamine B

comment

ratiometric, leaching
two photon excitation
ratiometric, less leaching
improved endocytosis
extended dynamic range

analytical range from pH 1.4 to 7.0;
spontaneously internalized by HeLa cells,
localize at the lysosomes

extended dynamic range

miniemulsion solvent evaporation method,
magnetic

FRET-based

ratiometric, imaging

FLIM

homo-FRET, FLIM

accumulate in acidic organelles, imaging
ratiometric

2 pm particles, yet cellular uptake
FRET-based, localized in the lysosomes

DLR-based, Ru dye temperature sensitive
absorptiometric and fluorometric
semiconductor polymer dots, FRET-based

conjugated to rapid cell-penetrating peptides
(HIV-1 TAT) to increase cell-penetration

ratiometric

pH-dep. polyaniline absorption modulates
fluorescence of dye

selective staining of core/shell via swelling
method

simultaneous measurement of oxygen and pH,
DLR-based

ratiometric
cellular uptake

rapid cellular uptake, absorptiometric
FRET-based

ratiometric

cellular uptake

dual nanoprobe, intracellular imaging

ratiometric, intracellular imaging

complex pH response, FRET, self-quenching
involved

also possible '’F MRI application
no leaching

micrometer-sized
two labeling strategies investigated
spacer used to prevent quenching

in bulk optodes, imaging

nontoxic, incorporated into cells without any
additional agent

ref

427
759
616
760
761
762

763—766
767

768
S11
482
524
769
405
41S
770

126
771
620
772

773

644

382, 390

703

774
778
776

777

778

779

780

782

783

784

785

411

786

145, 425,
49, 127

439, 787,
788

their preparation: the Stober process and reverse microemulsion

techniques.

Silica-based nanosensors can be illustrated by the work of
1404

Burns et a

composed of a silica core (2 50 nm) doped with a

tetramethylrhodamine dye and a silica shell doped with

who prepared core—shell nanoparticles

12406

fluorescein. Both dyes were covalently integrated into the
matrix by first reacting the respective isothiocyanates with the
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aminopropyltriethoxysilane and subsequent hydrolysis together
with TEOS. The aqueous particle suspension (2 70 nm) was
stable against flocculation and leaching of the dyes for several
months. The particles penetrated rat basophilic leukemia mast
cells in the presence of phorbol-12,13-dibutyrate (which is used
to increase endocytotic activity) and allowed ratiometric
imaging of pH (A = 525 and 575 nm for the pH indicator
and reference, respectively).

The mesoporous silica NPs are another type of silica-based
nanomaterials.”*> The mesoporous structures exhibit large
surface areas and can be heavily loaded with dyes. Several
groups have described such nanosensors by incorporating both a
fluorescein and a reference dye (in most cases a rhodamine) into
mesoporous SiNPs.

pH nanosensors based on silica particles are summarized in
Table 7 and more details on their properties are provided in
Table S7.

8.4. Organic Polymer Particles

Nanosensor-based on polymeric materials are commonly
obtained via emulsion polymerization of the respective
monomers (most prominently acrylamide) with a cross-linker
and dyes (pH indicator and a reference). Indicator dyes can be
immobilized in nanomaterials by physical entrapment or by
covalent coupling. For nanomaterials, however, there can be
additional limitations to consider. Contrary to the bulk optodes,
nanomaterials are generally required to be dispersible in water.
Dispersibility is provided by polar polymers or polar groups on
the particle surface. Excess reactive groups can make the
nanomaterials more prone to aggregation.6 3 Physical entrap-
ment of the indicator and the reference dye is often a method of
choice because of its simplicity and reproducibility. Noncovalent
dyeing procedures include entrapment during the polymer-
ization process, dyeing after swelling of polymeric beads and
coprecipitation. The first method is equally suitable for covalent
immobilization of indicators providing that they possess
necessary functional groups. For dyeing via swelling, the
polymeric nanoparticles are swollen in a mixture of organic
solvent and water, which is also a solvent for the dyes. The dye
must be water-insoluble to prevent leaching. The indicator dye is
then “forced” into the polymer by slowly evaporating the
swelling solvent or removing it by dialysis. Among suitable
materials, poly(styrene-block-vinylpyrrolidone) beads allow
straightforward staining and even enable selective dzfing of the
core or the shell of the core—shell structured beads.”*>>”°

Hydrophobic pH indicators can also be incorporated into
polymeric nanoparticles from solution via nanoprecipitation.”>”
The formation of the nanoparticles relies on the use of two
miscible solvents. The polymer and the dye are dissolved in a
suitable (organic) solvent and then coprecipitated by addition of
the second solvent (water) in which they are insoluble.
Afterward, the “good” solvent is removed by evaporation or
dialysis. Nanoprecipitation was successfully used to prepare
nanoparticles from polymers, such as poly(styrene-co-maleic
anhydride), poly(methyl methacrylate-co-methacrylic acid), RL-
100, RS-100, ethylcellulose, poly(vinylidene chloride-co-acryl-
onitrile), polysulfone, hydrogel D4 and D7, Hydrothan H15,
pHEMA, cellulose acetate butyrate, and Nafion.”’

8.4.1. Hydrophilic Polymers. Nanosensors based on
hydrophilic polymers generally show high water uptake and
are, in essence, hydrogels. Therefore, they are often referred to as
nanogels. Kopelman and co-workers coined the term PEBBLEs
(probes encapsulated by biologically localized embedding) for

nanosensors designed for measurement inside single living
cells.**7*%77%% Allowing the application of well-known indicator
dyes, the polymeric embedding protects the dyes from
interferences from cellular environment and is supposed to
reduce potential toxicity of the dye in the cell. Similar to that of
bulk optodes, it also simplifies realization of complex sensing
schemes and ratiometric imaging.687 PEBBLE:s for pH measure-
ment have been prepared mainly from cross-linked polyacryla-
mide using a water-in-oil microemulsion polymerization
technique.

8.4.2. Hydrophobic Polymers. Hydrophobic polymers
also are suitable for preparation of pH nanosensors provided
that the indicators are attached to the surface of the particles.
Due to moderate protection of the indicator the environmental
influence is stronger than for the materials containing the dyes
incorporated into the bulk of the nanoparticles. In this concept, a
reference dye is typically embedded into the bulk of the
nanoparticle to minimize environmental effects.

8.4.3. Core—Shell Nanoparticles. Core—shell nanopar-
ticles allow separation of dyes for referencing or multiparameter
analysis. The separation can be used to prevent the interaction of
dyes or to have each dye immobilized in an appropriate matrix.

pH nanosensors based on polymeric particles are summarized
in Table 8. Details on spectral and sensing properties of some
representatives of polymeric nanosensors can be found in Table
S7.

8.5. Quantum Dots

Semiconductor quantum dots represent promising emitters for
biological applications.”*~""” Traditional quantum dots are
nanometer-sized crystals made from metal chalcogenide semi-
conductors. Their luminescent properties originate from their
nanoscale dimensions that induce the “quantum confinement
effect”. The consequences are that a variation of the size of the
quantum dot controls the energy levels and hence the
absorption and emission wavelengths. Correspondingly, the
absorption and emission wavelengths can be tuned by variation
of size. The QDs are characterized by broad absorption spectra
and narrow emission peaks, an exceptionally high brightness,
photostability, absence of swelling and longer luminescence
lifetimes compared to organic, fluorescent dyes. For instance,
the decay time of CdZnS QDs is as long as 1 ys.””® Their long
lifetimes can be very useful for discrimination of the signal from
fluorescence background. Because of the broad absorption
spectra, a single excitation wavelength can be used to excite QD
with various different emissions. Photostability is generally
considered good but can be further improved by using core—
shell QDs. Importantly, core—shell architectures also increase
quantum yields. The cytotoxicity of QDs is a complex issue and
has been the subject of considerable debate.”””””* General
considerations include the leakage of toxic metal ions into the
sample, however, mechanisms of toxicity can vary and are not
always clear. It was proposed that toxicity can also arise from
polymer coating on the surface of the QD resulting in
precipitation on the cell surface.””” Surface coating and size
are crucial parameters determining cellular uptake but also
breakdown of QDs. Concerning the downsides, QDs display
fluorescence intermittency, blinking of the single quantum dots.
In contrast, dye-doped nanoparticles comprise multiple dye
molecules that absorb and emit independently. Therefore,
polymeric or silica particles do not display blinking. The “off”
states during blinking can be as long as 100 s for some QDs.*
However, the blinking is by some regarded as a mean to ensure
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Table 9. Overview of Nanosensors Based on Quantum Dots”

material sensing mechanism comments ref

CdSe/ZnS deprotonation of COOH groups on the surface decay time sensing (7 = 8.7—15.5 ns) 801

Cu-doped CdZnS deprotonation of COOH groups on the surface tunable emission, decay time sensing (7 = 200-900 ns) 798

CdSe/ZnS deprotonation of COOH groups on the surface intensity measurement, pH range 4—12, smartphone- 812

based read-out

CdSe/ZnS quenching via hole transfer to phenol, no quenching for intensity measurement, decay time measurement 804
phenolate (r=0.65—4.86 ns)

CdSe/ZnS quenching via hole transfer to amine, no quenching for intensity measurement, decay time measurement 805
protonated amine (r=12.32—33.74 ns)

CdSe/ZnS pH-dependent quenching from oxidized dopamine ratiometric 2—/ sensing 813

CdSe/ZnS + squaraine FRET from QD to the pH indicator ratiometric 2—/1 sensing 806

CdSe/CdZnS + SNARF FRET from QD to the pH indicator ratiometric 2—/ sensing, identical pH response under 807

two-photon excitation

CdSe/ZnS + pyrene FRET from pyrene to QD; polymeric linker undergoes swelling  ratiometric 2—A sensing 807
upon protonation

CdSe/CdZnS + fluorescein FRET from pH indicator to QD ratiometric 2—/ sensing 811

CdZnSe/CdZnS/ZnS + FRET from QD to the pH indicator ratiometric 2—/ sensing 814

fluorescein
CdSe/ZnSe + FRET from QD to the pH indicator ratiometric 2—A sensing 815
naphthofluorescein
CdTeSe/ZnS + cyanine dye FRET from QD to the pH indicator decay time sensing (7 = 12—29 ns) 808

mercaptoacetic acid capped

deprotonation of COOH groups on the surface

intensity measurement, loss of surface capping at low pH, 816

CdSe/ZnSe/ZnS resulting in aggregation
QD ITK + mOrangeb FRET from QD to pH sensitive GEFP ratiometric 2—/ sensing 660
black phosphorus QDs protonation and deprotonation of hydroxyl groups causes a particle size 5.2 nm; pH range of 1.0—9.0 817

different degree of quenching

“A more detailed version of the table can be found in the Table S8. “Commercially available QDs.

the observation of a single dot event, for example, observation of
a single protein.”* Without modification, QDs are poorly
soluble, susceptible to quenching, unstable in dispersions and
are not intrinsically pH sensitive. Additional modification is
necessary for them to overcome these limitations and be useful
as pH nanoprobes. QDs can show pH sensitivity due to
carboxylic groups on their surface (Table 9).””%*°V%* The
changes in fluorescence intensity are accompanied by
modulation of fluorescence decay time of the QDs (see section
10.2 for more details). Analogously, luminescence modulation
because of deprotonation of surface defects was observed for
Ti;C, QDs.*” This material was modified with a Ru(II)
complex to obtain ratiometric response but unfortunately
required UV excitation.

Semiconductor QDs can also be rendered pH sensitive via
coupling of a sensitive group acting as a hole trapper. Wang and
co-workers demonstrated that p-mercaptophenol®* and p-
aminothiophenol®” coupled to CdSe/ZnS induce fluorescence
quenching of the QDs in acidic conditions.

FRET represents another possibility to prepare a pH
responsive system using intrinsically pH-insensitive QDs
(Table 9). Feasibility of the approach was demonstrated by
Nocera and co-workers who covalently bound a pH sensitive
squaraine dye®’® or SNARF*” to the surface of CdSe/CdZn$S
QD. Tang et al.**® utilized FRET from NIR emitting CdTeSe/
ZnS QD to a cyanine dye, which shows NIR absorption.
Remarkable feature of the presented nanosensor is strong
response of the fluorescence decay time of the QD (7 = 29 ns at
pH > 7 and 12 ns at pH < 5). Dennis et al.’*’ used pH sensitive
fluorescent proteins as FRET acceptors instead of organic dyes.

In contrast to above sensors utilizing QDs as energy donors,
Kim and co-workers explored FRET from pyrene dye to CdSe/
ZnS QD, acting as energy acceptor.””’

Several researchers utilized fluorescent pH indicators as
energy donors for QDs. The luminescence of the QD can be

12408

modulated to a certain extent (for instance if the emission of the
donor is “switched off”) and observed ratiometric response can
be due to combination of direct excitation of the QD and
excitation via FRET from organic dye. Examples include
naphthalimide®'? and fluorescein®'' coupled to CdSe/Zn$S

QDs.

8.6. Carbon-Based Nanomaterials

8.6.1. Carbon Dots. Carbon dots (CDs) and graphite oxide
nanoparticles (Table 10) feature water solubility/dispersibility,
chemical inertness, straightforward surface chemistry, high
photostability, and high two-photon absorption cross sections.
The luminescence of carbon dots is susceptible to PET
quenching making ion sensing possible in principle.”'® Because
of the low cytotoxicity, intracellular pH-imaging represents one
of the major applications.*'?~**

Dually emitting carbon dots were shown®® to be viable
probes for ratiometric fluorometric sensing of pH values,
mercury(1l), chloride and chromate. The ratio of fluorescence
emissions at 565 and 410 nm strongly depends on the pH value
in the range from 4.5—6.5 and 10.0—13.0, respectively.
Obviously, the other ions interfere in determination of pH.
Green fluorescent carbon dots, probably being doped with
nitrogen, also were shown to enable determination and imaging
of pH values in in SMMC-7721 cells.**” The dots were prepared
from m-phenylenediamine, have a 36% quantum yield, an
average size of 2.3 nm, excitation/emission peaks at 450/510
nm, and work in the pH range from 6.0 to 10.0.

Carbon dots also found application in pH monitoring of
complex 3D cell culture scaffolds in microfluidics, because of
their biocompatibility.**” The downsides include low QY and
absorption in the UV with only a tail in the VIS region.
Absorption can be shifted to longer wavelengths via surface
modification. CDs can be obtained via different techniques but
hydrothermal synthesis probably represents the most conven-
ient method. The photophysical properties largely depend on
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Table 10. Overview of Nanosensors Based on Carbonaceous Materials

material

carbon dots

nitrogen- and chloride-
doped CD

CDs doped with Eu(I1I),
Tb(III) and a chelating
ligand

nitrogen and oxygen-rich

nitrogen- and boron-
doped CD

CD Eu(III) doped

N- and P-doped CD

B- and P-doped CD

CD

nitrogen-rich carbon NPs

CD with fluorescein

CD with fluorescein and
rhodamine B

CD with fluorescein
GO nanosheets

GO NPs

single-walled carbon
nanotubes

preparation method

various

hydrothermal method from Agaricus
bisporus

from polyethylenimine
from flower (carnation)
from chloroform and diethylamine

hydrothermal method from f-
resorcylic acid and ethylenediamine

from urea in choline chloride—
glycerine deep eutectic solvent

hydrothermal method from
mushrooms

hydrothermal method from ascorbic
acid

thermal decomposition of ascorbic
acid in DMSO in microfluidic
system

hydrothermal method from p-
phenylenediamine

from glucose and edible oil

hydrothermal method from citric acid
and dicyandiamide or aniline
hydrochloride

hydrothermal method from citric acid
and basic fuchsin

hydrothermal method from citric acid
and L-serine or monoethanolamine

from phenylenediamine

from PEG 400

from aspartic acid and urea

hydrothermal method from o-
phenylenediamine PEG, oxalic acid

from aminophenylboronic acid

hydrothermal method from EDTA and
(Eu(NO,);*6H,0)

CD treated with diammonium
phosphate

CD treated with H;BO; or phosphoric
acid

with polyaniline layer

hydrothermal method from melamine
and triethanolamine

from acrylic acid and 1,2-
ethanediamine

from citric acid and 4,7,10-trioxa-1,13-
tridecanediamine

from kelp juice

betaine-modified

comment ref
a review on CDs for use in pH sensing 851
in microgels to monitor 3D cell culture scaffolds 820, 830
pH range 2—12, cellular uptake 819
pH range 3—12, absorptiometric and fluorometric 821
coupled to fluorescein, CD as reference 822
linear pH range 3.8—6.2 852
pH range 5—10, virtually no effect of ionic strength 823
pH range 2—13, linear range 4—8, quenched by hemin 824
intensity decrease 10-fold (pH 4—8) emission shift from 441 to 550 nm (pH 2—12) 853
absorptiometric, fluorometric, upconversion 825
excitation-independent emission at 590 nm 826
linear range pH 3—13 827
high quantum yields 37% 854
63% 855
dual emission with different pH-dependent behavior allowing ratiometric measurement 856
linear range pH 1.5—7.5 857
emission peaking at 620 nm under 470 nm excitation; 15% quantum yield; 3.8 nmi.d.; usedto 858
image pH values in E. coli bacteria, pH 5—10
excitation/emission wavelengths of 272/545 (Tb) and 272/614 nm (Eu); effects are due to 859
pH-induced variations in energy transfer; applied to visualize pH values in breast
adenocarcinoma, pH 3—10
pH range 1—13, sensitive toward oxidation 860
dual emission, ratiometric, linear range pH 2.2—4.0 861
dual emission with different pH-dependent behavior allowing ratiometric measurement 862
ratiometric response to pH from pH 2—10 863
dual emission with different pH-dependent behavior allowing ratiometric measurement, linear ~ 864
range 2—12
boron doping increased QY, phosphorus doping decreased QY, ratiometric 865
two linear regions from pH 3.5—5.5 and 6—12 866
PET quenching, linear range 3—12 867
FRET-based, ratiometric 834, 835
ratiometric pH 6—8 836
CD as reference, linear range 4.6—7.7 831
10-fold fluorescence quenching on going from pH 2 to 12, show strong cross-talk to ionic 849
strength
pH sensitivity from carboxylic and phenolic groups 98
pH range 4—12, quenched by Cu** and Fe®* 868
bathochromic shift of emission in pH range 1 to 14, strong temperature sensitivity 869
transducer for urea detection 870
in wavelength range from 1.1—1.4 ym, pH range 4.5—8.5, temperature sensitive 850

the preparation procedure and the resulting surface. Various
biobased or “green” CDs have been described that are produced
from natural products such as kelp juice,**" mushrooms,**® and
even urine and manure.**>®** The composition of these CDs,
however, lacks reproducibility compared to procedures using
chemicals of known purity/composition. Often, surface
passivation or doping increases quantum yields or is necessary

for luminescence to occur at all. The pH sensitivity is introduced

via carboxylic groups or nitrogen doping. CDs can also fulfill the
dual function as support for a pH probe and as reference. Most
commonly fluorescein is attached to the surface of the
CDs.*83*783¢ Temperature sensitivity and selectivity should

837—847 ..
d; cations, such as Ag*, Cu**, Fe**, or U%,

be considere
interfere. Also, luminescence quenching from nitrite was
reported.**® Carbon dots are usually smaller (& = 2—8 nm)

than other types of nanosensors and show a broader dynamic

12409 https://dx.doi.org/10.1021/acs.chemrev.0c00451
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Table 11. Overview of Optical pH Probes Exploring Conformational Changes in Polymers®

dye polymer

pyrene + coumarin 343

PAA modified with sulfadimethoxine or
sulfamethizole as a linker

7-hydroxy-4-bromomethyl
coumarin + coumarin 343

PAA modified with sulfadimethoxine as a linker

comments ref
very sharp response; ratiometric 2-4 read-out; short wavelength 871
of excitation and emission

very sharp response; ratiometric 2-4 read-out; short wavelength 876
of excitation and emission

fluorescein + rhodamine B PAA modified with sulfadimethoxine as a linker ~ very sharp response; ratiometric 2-4 read-out 876

Cy3 + CySs N-palmitoyl chitosan NPs ratiometric 2-4 read-out 877

CyS.5 + quencher poly(oligo(ethylene glycol) methacrylate) and sharp response due to micelle formation 878
poly(benzyl-L-aspartic acid)

CdS/ZnS + CdSe/ZnS QDs graphene oxide NPs decorated with QD-polymer  ratiometric 2-1 read-out/lifetime read-out 872
conjugates

numerous chromophores block copolymer PEG + alkylamino-modified very sharp transitions, high tunability of optical and sensing 453, 873,
PMMA properties 879

BTPE + coumarin block copolymer PEG + alkylamino-modified ratiometric 2-4 read-out; short wavelength excitation and 880
PMMA emission; two-photon read-out possible

perylene-bis-imide PAEMA dendrimer operates in diluted solutions 874

“A more detailed version of the table can be found in the Table S9. BTPE = 2-((E)-2-(pyridin-2-yl)vinyl)benzo[d]thiazole, PAEMA=

poly(aminoethyl methacrylate), PAA = poly(acrylic acid).
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Figure 28. Examples of pH nanosensors exploring conformational changes of polymers. (A) Chemical structure and sensing mechanism of the
nanoprobe based on a pyrene energy donor and a coumarin energy acceptor connected via a polyacrylamide linker modified with pH sensitive
sulfadimethoxine. Reprinted with permission from ref 871. Copyright American Chemical Society 2005. (B) Chemical structure, sensing mechanism
and pH dependency of fluorescence spectra (4., = 365 nm) for the nanoprobe composed of two quantum dots emitters and graphite oxide acting as a
quencher. Reprinted with permission from ref 872. Copyright American Chemical Society 2014. (C) chemical structures of the self-assembled
polymeric micelles nanosensors, fluorescent images of their aqueous solutions at the same polymer concentration (100 yg/mL) but different pH values
(pseudocolors were used for PC7A-CSS and PC6A-C7S nanoprobes due to their near IR emissions) and the pH response of the nanosensors.
Reprinted with permission from ref 873. Copyright American Chemical Society 2012. (D) Chemical structure of a unimolecular polymeric micelle pH
probe, schematic representation of the volume phase transition and respective pH response. Reprinted with permission of The Royal Society of
Chemistry from ref 874. Copyright The Royal Society of Chemistry 2014. Permission conveyed through Copyright Clearance Center, Inc.

range. They are excited at significantly shorter wavelengths
(<450 nm) than most (metal—)organic pH indicators. Most of
these materials show emission spectra that depend on the excitation
wavelength.

8.6.2. Graphite Oxide Dots. Graphite oxide dots (GODs)
are obtained by oxidation of graphene. Similar to carbon dots,
GODs do not represent a well-defined material, and the

properties strongly depend on preparation method. Chen and
Yan®* demonstrated pH sensing properties of graphite oxide for
the first time recording ~10-fold fluorescence quenching on
going from pH 2 to 12. Hirsch and co-workers”® demonstrated
that graphite oxide nanoparticles possess carboxylic and
phenolic groups which are both responsible for pH sensitivity.
Excitation and emission of GODs occurs at significantly longer

https://dx.doi.org/10.1021/acs.chemrev.0c00451
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Table 12. Overview of pH Nanosensors Based on Miscellaneous Materials

material

silica/y-Fe,O; core—shell NPs
silica/polymeric core—shell NPs
Ag core + silica shell with poly(allyl amine) HPTS self-referenced

pluronic F127, TEOS

pluronic F127, TEOS

pH probe—reference

fluorescein, sulforhodamine B

naphthalimide, rhodamine B

fluorescein, porphyrin reference

fluorescein, porphyrin reference, Pt(II)

porphyrin oxygen indicator

dendrimer-coated QD

hydroxypropylcellulose-poly(acrylic acid)
nanogel

CdSe quantum dots

polyethylenimine coated NaYF,:Yb,Er UCNPs ~ NaYF,:Yb,Er UCNPs
and graphene oxide

metal—organic framework NP (Zr(IV) and fluorescein
amino-triphenyldicarboxylic acid)

silver core, silica shell, poly(allylamine) coating ~ HPTS

silver core, silica shell fluorescein, eosin

polythiophene-Au composite

gold nanoparticles with thiol spacer

gold nanoparticles tetramethylrhodamine

gold nanoparticles PEGylated porphyrin

silica-coated iron oxide nanoparticles with

SNAREF-SF dye, CdSe/CdZnS QD

anthracene derivative, rhodamine

benzo[a]phenoxazine derivative

polymer shell

maghemite (y-Fe,05) nanocrystals with 2 silica  fluorescein, sulforhodamine B
shells

nickel core, silver layer, polymer gel shell silver layer

NaGdF,:Yb/Er UCNPs AgS nanodots modified with 3-

mercaptopropionic acid and glutathione

silica-coated polystyrene NP

silica core and polymeric shell
poly(3,4-dihydroxyphenylalanine)
silicon carbide NPs

MnO, nanosheets

fluorescein, CrBPh,, porphyrin or Nile red

1,8-naphthalimide with PET group

3-acetyl-7-hydroxy-2H-chromen-2-one

comment ref
2-A emission 887
intensity 472
2-A excitation 884
silica—polymer hybrid, no cellular uptake, for monitoring 571
pH during bacterial growth
dual sensing of oxygen and pH 881
FRET-based, two-photon excitation 807
swelling of the nanogel induces luminescence quenching ~ 882
graphene oxide acts as quencher depending on strength of 883
the electrostatic interactions
high dye loading up to 4% wt. without self-quenching 638
metal-enhanced fluorescence 884
dying via click chemistry 889
absorption independent of pH, emission linear from 885
pH 3-6
ratiometric 141
pI—6I dependent dimer formation of rhodamine, pH range 890
-10
ratiometric (absorbance), intensity 891
magnetic, NIR, 40-fold enhancement of luminescence 886
intensity from pH 8.4—3.6
magnetic, ratiometric 887
magnetic, pH-sensitivity due to volume phase 888
NIR excitation (980 nm) and NIR emission (795 nm), 892
ratiometric, pH range 4—9, imaging
simultaneous measurement of T, O, and pH with single 893
excitation
also for drug release 769
ratiometric, linear pH range 4—8 894
pH range 5.6—7.4, ratiometric 895
pH range 4—7, dual sensing of pH and glutathione; exc/em 896

maxima at 417/456 nm

wavelengths, compared to carbon dots. GODs show strong
cross-talk to ionic strength, fluorescence decreases by about 30%
upon addition of 50 mM NaCl to pH 4 buffer.**

8.6.3. Single-Walled Carbon Nanotubes. Functionalized
single-walled carbon nanotubes also display pH-dependent
luminescence in wavelength range from 1.1-1.4 um. 50
Attachment of an aminoaryl function introduced a defect in
the carbon lattice, resulting in red-shifted luminescence. De-/
protonation of the aminoaryl function alters the energy level and
hence shifts the emission peak introducing pH-sensitivity. The
system responds in the range from 4.5 to 8.5 pH units.

8.7. Miscellaneous Materials

8.7.1. Nanosensors Based on Conformational
Changes in Polymers. In addition to the major classes of
pH nanosensors described above, several other nanomaterials
have also been presented. A very interesting approach is a group
of nanosensors based on conformational changes in polymers
(Table 11) in combination with Forster resonance energy transfer
(FRET). The pH sensitivity of these probes is introduced by
FRET modulation because of conformational changes of the
polymer backbone or a linker.

For instance, Hong et al.*’" prepared a pH nanoprobe by
connecting a pyrene energy donor and a coumarin energy
acceptor via a polyacrylamide linker modified with sulfadime-
thoxine (Figure 28A). Protonation of the sulfadimethoxine

12411

group results in collapse of the linker, which brings the dyes in
close proximity, promoting FRET from pyrene to coumarin.

Kim and co-workers®’* reported a hybrid material exploring
quenching properties of graphite oxide. First, pyrene-terminated
poly(acrylic acid) (PAA) chains were anchored onto the surface
of blue-emitting CdS/ZnS QDs (BQD, A,,, = 440 nm), whereas
pyrene-terminated poly(2-vinylpyridine) (PVP) was anchored
onto the surface of orange-emitting CdSe/ZnS QDs (OQD, A,
= 580 nm), Figure 28B. Then, both conjugates were anchored
onto a single graphite oxide sheet via 7 interaction of the pyrene
and graphene oxide. The resulting nanosensors showed
ratiometric response to pH (Figure 28B). In close proximity,
graphite oxide quenches the emission of the QDs. The distance
between the QDs and the graphite oxide sheet is determined by
the conformations of the PAA and PVP parts, which in turn
depend on the pH.

Another group of nanosensors explores the properties of pH-
switchable self-assembled materials.®”
ers»"> prepared a library of pH-sensitive self-assembled
polymeric micelles based on block copolymer modified with
tertiary amino-groups and common pH-insensitive fluorescent
dyes (Figure 28C). The conjugates were highly fluorescent in
acidic media due electrostatic repulsion of the polymeric chains
bearing protonated amino-groups. At higher pH, micellization
greatly enhanced quenching of the dyes via homoFRET
mechanism. The materials feature extremely narrow dynamic

Gao and co-work-
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ranges with the “on—oft” effect achieved within 0.25 pH units
(Figure 28C).

Unimolecular polymeric micelles (UPMs) offer the advantage of
being stable in very diluted solutions in contrast to self-
assembled polymeric micelles. You et al*”* reported two
fluorescent UPMs probes based on dendrimers bearing a
perylene core and cationic or anionic polyelectrolyte shell
(Figure 28D). The micelles are compact when the groups are
uncharged but undergo a volume phase transition as a result of
electrostatic repulsion between the charged chains. The increase
in the size of the micelles is accompanied by strong decrease of
fluorescence intensity (Figure 28D), which is fully reversible.

8.7.2. Inorganic—Organic Hybrids. Inorganic—organic
hybrids (Table 12) are either prepared to improve the
performance of the resulting material or to introduce additional
functions such as upconverting capability (these materials are
treated separately in section 10.6), fluorescence enhancement or
additional magnetic properties. For instance, Wang et al.””'
prepared hybrid organic—inorganic pH nanosensors from
Pluronic F127, TEOS, and fluorescein. The dye itself is
embedded in silica nanoparticles that are entrapped in the
micellar structure formed by the Pluronic polymer. Intended for
monitoring of pH during bacterial growth, the particles are not
ingested by bacteria and are excellently dispersible in standard
agarose/nutrient growth media. A similar system was applied for
dual sensing of oxygen and pH using a Pt(II) tetraphenylte-
trabenzoporphyrin as oxygen indicator.*®" The particles could
be delivered to the cytosol of cells via electroporation.

Somers et al.*”’ reported a ratiometric pH sensor prepared
from dendrimer-coated quantum dots and pH-sensitive
SNAREF-SF dye. The CdSe/CdZnS quantum dots were coated
to increase robustness against degradation and provide a higher
number of coupling sites. Wu et al.*** embedded CdSe quantum
dots into polysaccharide-based hybrid nanogels. pH dependent
swelling of the nanogel induces luminescence quenching.

Yan et al.**’ designed a hybrid pH-sensor film based on
upconverting nanoparticles and graphene oxide. NaYF,:Yb,Er
UCNPs were coated with polyethylenimine and upon 980 nm
excitation displayed emission at 540 and 660 nm. pH sensitivity
from pH 5 to 8 is induced by pH-dependent quenching from
graphene oxide.

Lin and co-workers®*® used metal—organic framework
nanoparticles (made of zirconium(IV) and amino-triphenyldi-
carboxylic acid) for covalent immobilization of fluorescein. High
dye loading (up to 4% wt.) could be achieved without self-
quenching. High brightness of the material and efficient cellular
uptake made the material promising for intracellular imaging of
pH. These properties are in contrast to low brightness and short
wavelength excitation of other MOFs reported so far (see
section 7.1 for more details).

Several groups designed pH nanosensors with a metal core. Bai
et al.*** exploited metal-enhanced fluorescence of HPTS using a
hybrid material with a silver core. Panda and Chattopadhyay®*>
reported pH responsive polythiophene-Au composite. Absorp-
tion was independent of pH, but emission at 465 nm showed
linear pH dependency in the range from pH 3 to 6. Gold
nanoparticles were used to fabricate a ratiometric pH-nano-
sensor material based on PET."*" Anthracene substituted with a
PET group and rhodamine as reference were coupled to the
surface of the gold nanoparticles via thiol-containing spacer
molecule. The system was used for intracellular measurement in
the pH range of 3.5—6.

38

8.7.3. Magnetic Nanoparticles. Magnetic nanoparticles
are used to allow manipulation with a magnet or enable magnetic
resonance imaging (MRI). Liu et al.**® prepared hybrid
magnetic nanoparticles by attaching a polymer coating onto
silica-coated iron oxide nanoparticles. The coating was added to
improve water solubility, prolong the circulation lifetime and
reduce nonspecific protein binding. A NIR fluorescent benzo-
[a]phenoxazine dye was attached via DCC coupling. Lumines-
cence intensity enhanced 40-fold, when changing pH from 8.4 to
3.6.

Lapresta-Fernandez et a reported core—shell nano-
particles that allow manipulation with a magnet. The inner
shell contains covalently bound sulforhodamine B, whereas the
outer shell covalently bound fluorescein. The material was
designed for ratiometric sensing. Wu et al.**® prepared magnetic
core—shell hybrid nanogels for pH sensing. A fluorescent silver
layer was grown onto the magnetic nickel core and then coated
with a pH-responsive copolymer gel shell. pH-sensitivity relies
on a pH-induced volume phase transition. The material
responds in the range from pH 5 to 7.4.

Hybrid materials can also be promising for simultaneous pH
sensing and drug release. In a model system, Wan et al.”*’
prepared hybrid nanoparticles composed of a silica core and
polymeric shell with a naphthalimide pH indicator. After loading
with guest molecules for drug-release experiments, the pores
were closed by cross-linking with cystamine forming disulfide
groups. Leaching of guest molecules was low in water. In
presence of dithiothreitol, the guest molecules were released,
due to cleavage of the disulfide groups.

1 887

8.8. Aggregation-Induced Emission

Aggregation-induced emission (AIE) is based on the effect that
molecules or nanoparticles (NPs), on aggregation, undergo an
increase in fluorescence intensity, which is in contrast to the
widely observed phenomenon of emission quenching.®”’
Aggregation makes radiative deactivation the primary pathway
from the excited state to the ground state. AIE-based methods
may be considered as forming the interface between molecular
sensing and NP-based sensing. A review on AIE for use in optical
sensors has been presented by the Tang group.””® The same
group later has described®” AIE-based probes/sensors for
measurement of intracellular pH values (pHi) that is making use
of a tetraphenylethene—cyanine adduct. Upon diffusion into
cells, it responds sensitively to pHi over the physiological range,
visualizing the acidic and basic compartments with intense red
and blue emissions, respectively. The ratiometric signal of the
red and blue channels can thus serve as an indicator for local
proton concentration. A through-bond energy transfer-based
modification of this method was presented later.””” Others have
used a pyridyl functionalized tetraphenylethylene for ratiometric
fluorometric determination of pHi.”""

Another kind of ratiometric AIE-based pH nanosensor
material was obtained’® by preparing NPs consisting of a
hyperbranched polymer with AIE activity. The NPs selectively
accumulate in the acidic organelles of living cells by endocytosis.
The pHi of HeLa cells was determined by ratiometric sensing. At
about the same time, AIE-based probes were introduced where
the diketopyrrolopyrrole and the anthracenone chromophores
were conjugated to each other.””> The diketopyrrolopyrroles
containing two diethylamino groups display AIE. At alkaline pH
values, the emission is 6.7-fold stronger compared to that at pH
2.5. A dual-emission pH-sensitive fluorescent probe was
developed, which displays green fluorescence in alkaline

https://dx.doi.org/10.1021/acs.chemrev.0c00451
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conditions after deprotonation, while orange emission in acid at
aggregated state. This novel probe allows the specific light-on in
acidic lysosomes of cancer cells and tumors in nude mice, which
indicates its potential application in cancer diagnosis.

Polymers not containing classical dyes or fluorophores were
also found to display pH-dependent AIE if they incorporate
protonable functions. For example, pH-responsive blue AIE”**
can be observed in polymers containing N,N-diethylethylenedi-
amine. Similarly, pH-induced AIE was found for an inter-
penetrating polymer network composed of poly(N-isopropyla-
crylamide-co-tetra(phenylethene acrylate)/poly(methacrylic
acid) that may be used as a nanosensor materials.”"*

Some Schiff bases and azines appear to readily undergo pH-
dependent AIE. A chlorosalicylaldehyde-derived Schiff base was
synthesized and used for pH sensing in live cells.””
Fluorescence is weak in solution, but strong AIE is found for
the nanoaggregated state. This is ascribed to the restriction of
the intramolecular rotation of a C—N bond and the nonplanar
configuration in the aggregate/solid state. The sensor undergoes
a fluorescence color change from orange to green, and the
intensity ratio at 516 and 559 nm is enhanced when the pH value
is increased from 5.0 to 7.0 (pK, value 4.8). The same is true for
other Schiff bases,”**”"” salicylaldehyde azines,””® and of some
hydrazones.”” Some show dual emission and therefore enable
ratiometric intracellular sensing.”'® Other AIE-based sensors for
determination of pHi make use of smartly functionalized
anthracenes,”'" of BF, chelates’'>”'® or of E/Z isomers of N-
methylpyrrole-benzohydrazide-based BF, complexes, these also
containing >C=N-— bonds of the Schiff base type and
undergoing pH-induced AIE.”'* They were applied to the
determination of the pHi of living cancer cells. It should be
mentioned that most of the pH probes based on AIE are
expected to show the same limitations as molecular probes, that
is, shift of the calibration due to interaction of the biomolecules
with the monomeric form of the dye.

8.9. Nanofilm Sensors

The nanomaterials described in the sections 8.1—8.7 are self-
contained analytical tools that are mostly applied in the form of
an aqueous solution/dispersion for pH quantification in
comparably small volumes (e.g, living cells). Only in some
cases they have been incorporated into sensors of different
formats, such as planar optodes or fiber-optic sensors. Nanofilm
sensors represent another type of nanomaterials useful for pH
sensing, that, in contrast to self-contained nanosensors, are not
self-standing because they are prepared on a support (a planar
waveguide or an optical fiber). This section covers the use of
classical (soft) lipid nanofilms but not of nanofilms made from
materials, such as polyaniline, graphenes, or other solid
nanomaterials. There are two common methods for making
such nanofilms. Both utilize lipophilic compounds with polar
groups at their end. The first is making use of the Langmuir—
Blodgett (LB) technique, the other of layer-by-layer (LbL)
deposition. Schaffar and Wolfbeis®® have used LB films doped
with the lipophilic blue fluorescent pH probe 7-hydroxycoumar-
in-3-carboxylic acid hexadecyl ester (pK, = 7.4). The doped LB
film was placed on the surface of a glass platelet, and
fluorescence was measured via an evanescent wave technique.
In another kind of pH sensor,”"® evanescent coupling between a
side-polished single-mode optical fiber and a single-mode, pH-
sensitive LB overlay is used. The sensor is intrinsic and does not
require the presence of a pH indicator. The sensor shows a
wavelength sensitivity of around 19 nm/pH unit and a

transmission sensitivity of 9.7 dB/pH unit when operated at
750 nm. LB films generally suffer from poor mechanical stability
and disruption by detergents and many proteins including serum
albumin.

The LbL technique has been used more often because LbL
layers are more versatile and somewhat more stable. Polyallyl-
amine is widely used. It is present, at neutral pH values, as the
hydrochloride and then referred to as PAH (not to be confused
with the common acronym for polycyclic aromatic hydro-
carbon). PAHs are cationic and form monolayers and bilayers.
In addition, layers with alternating charge may be deposited
sequentially, for example layers of poly(acrylic acid) (PAA;
being anionic)) and of PAH (being cationic). Such layers are
best deposited on supports by alternating a voltage applied to
the support. By incorporating the pH indicator neutral red into
alternating layers of PAA and PAH, a pH sensing membrane was
obtained for absorptiometric determination of physiological pH
values.'” In similar work by the Arregui group,”*’ a thin-core
fiber modal interferometer was alternatingly covered with
poly(allylamine hydrochloride) and poly(acrylic acid) by LbL
electrostatic self-assembly. The response also is fast, the linear
range is said to be much wider (pH 2.5—10), and the resolution
is +£0.013 pH units. The group of Grattan™'' showed that six
double layers of PAH doped with the pH indicator brilliant
yellow showed the best sensitivity in the pH range from 6.8 to
9.0. The method was later extended to fiber optic pH sensing
using an unclad silica fiber,”'° and to the use of neutral red
deposited on U-shaped fibers.”’” An LbL method for
interferometric (indicator-less) sensing was described by Gu
et al.”'® The side surface of an optical fiber modal interferometer
was self-assembled with alternating layers of sodium alginate
(mainly anionic at pH values above 3) and polyethylenimine
(mainly cationic at pH values below 10). The sensors have a
wide pH sensing range (2 to 11), fairly linear response, and good
stability. However, the sensor also has disadvantages including
complex fabrication and small signal change.

White light interferometry was used to sense pH values in the
range from 3 to 10 and using a halogen lamp as the light
source.”’” The Fabry—Perot interference patterns caused by
thin polymeric films on standard optical fiber substrates depend
on the pH value of the surrounding solution. The films consist of
alternating layers of the weak polyelectrolytes poly(allylamine
hydrochloride), which is cationic, and of the poly(acrylic acid),
which is anionic. The films reversibly swell and shrink as pH
values change. Generally spoken, nanofilm sensors are of
fundamental interest but have not found wide application,
mainly because of difficulties to ensure highly reproducible
production of the sensor films, sensitivity of the coatings to
detergents and proteins, such as albumin, the adverse effects of
many electrolytes, and because of the weak signals provided by
extremely thin sensor films, be it absorption (from the visible to
the infrared), reflectance, fluorescence, or scattering.

9. ADDITIVES, COATINGS, AND OTHER
COMPONENTS

9.1. Plasticizers

Use of plasticizers in pH optodes is rare because pH sensors
mostly rely on the use of proton-permeable materials.
Plasticizers have been used in pH optodes only in a combination
with poly(vinyl chloride), for example in a matrix for a dually
responding pH/pO, sensor to achieve optimal dynamic range
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for pH and oxygen sensing (section 10.7).**® We do not
recommend the use of such sensor materials.

9.2. Scattering Particles

The signal of indicator-based sensors can be enhanced via
addition of white scattering particles.''”"****° Nano- or
microparticles based on materials having high refractive index
efficiently enhance the fluorescence signals by increasing the
pass-way of excitation light. Titanium dioxide represents a cheap
pigment with high refractive index (2.488—2.609 depending on
the form) and is thus almost ideally suitable for the signal
enhancement. It is available in many modifications (hydrophilic
or hydrophobic surface). Potential interaction of the indicator
with the surface of the particles should be considered.
Hydrophilicity/hydrophobicity of the surface may affect the
apparent pK, value, whereas photocatalytic properties of
titanium dioxide may enhance photobleaching or be responsible
for fluorescence quenching. It is possible to avoid the above
effects by coating an additional light scattering layer (TiO,
particles dispersed in the matrix) over the sensing layer. Such
additional layer reduces the wave guiding to the edges of the foil,
which results in additional enhancement of the signal. Overall
enhancement can reach 10-fold, which makes even moderately
bright indicators competitive. It should be kept in mind that
enhancement factor for NIR pH indicators is significantly lower
than for UV—vis dyes due to wavelength-dependent nature of
light scattering.

Several other scattering materials were proposed. For
instance, Mofhammer et al.”>' used a diamond powder as a
light scattering material. Although scattering efficiency of
diamond is slightly lower than that of titanium dioxide (n =
2.418) diamond does not introduce potential risks due to
absence of photocatalytic properties.

Other materials which might be useful include cubic zirconia
(n = 2.13), zinc oxide (n = 2.0), and barium sulfate (n = 1.64).
White particles have the advantage of being both scatterers and
isolators.

9.3. Optical Isolations

Optical isolations (see Figure 29) are recommended to separate
the spectral system of the sensor from the spectral characteristics

Soot particles

ggteircal isolation in hydrogel

Scattering particles

Light-enchancing in hydrogel
layer Indicator dye
Sensing layer — in hydrogel

Transparent ——
support

Figure 29. Cross-section of a planar optode with light-enhancing and
optical isolation layers. The same design can be adapted for fiber-optic
sensors. The upper layers are knife-coated or sprayed onto a dry sensing
layer. Dissolution of the upper part of the sensing layer ensures good
adhesion but also bears the risk of dye extraction in case of physically
entrapped indicators.

of the sample. Note that most genuine samples display strong
intrinsic absorption, fluorescence or scattering capability. An
optical isolation is essentially an opaque layer (e.g,, soot particles
dispersed in the matrix), which is coated over the sensor layer. It
also prevents external light entering the sensor, for example
sunlight, which otherwise may lead to accelerated dye bleaching
or result in saturation of the photodetector. Optical isolations
are particularly important in case of highly scattering or

absorbing samples, such as blood, sediments, or microbial
systems. Most commonly, optical isolations are prepared from
lamp black, Fe,0; (red), BaSO, (white), or surface-modified
TiO, (white). The surface modification of TiO, is necessary to
prevent photocatalytic reactions that may deteriorate the
sensing chemistry. White optical isolations do allow some
scattered ambient light to penetrate the sensing layer whereas
the black ones of adequate thickness completely block it. Black
optical isolations are commercially available (https://www.
acktar.com/).

The design of a sensor with optical isolation is not
straightforward. In principle, a black optical isolation layer can
be directly coated onto the dry pH sensing layer. On the basis of
the same polymer dissolved in the same solvent, the second layer
dissolves the upper part of the sensing layer and this warrants
excellent adhesion between the two layers. However, it is
advisable to add a light-scattering layer between the sensing layer
and the black optical isolation layer to enhance the fluorescence
signals (3-layer design, Figure 29). Alternatively, to reduce the
complexity of the system, it is also possible to coat the optical
isolation layer on the sensing layer containing light scattering
particles (2-layer design). Obviously, the light-scattering and
optical isolation layers should be proton-permeable. If the
indicator is noncovalently entrapped into the sensing layer the
multilayer design bears the risk of its migration into upper layers
that may result in sensor drift. In this case, a proton permeable
polymer that is a poor solvent for the indicator is the preferable
material for optical isolation. For instance, amphiphilic
indicators typically show low solubility in pHEMA which can
be coated on polyurethane hydrogel layer using the same solvent
mixture. In case of the systems with low or nonexisting risk of
indicator migration (indicators covalently embedded into
polymeric matrices; indicators entrapped into dense sol—gel
network), the two additional layers can be composed of any
proton-permeable polymer. It is also possible to obtain an
optical isolation layer by spraying a commercially available soot
dispersion in isopropanol onto the light-enhancing layer. The
residual solvent swells the hydrogel layer, which enhances the
adhesion of carbon particles on the surface. The right settings
(such as the distance from the spraying head to the sensor foil)
are crucial to obtain a homogeneous layer: If the solvent is
completely evaporated, the soot particles will not adhere well
and too much residual solvent may cause deformation of the
sensing layer due to its dissolution.

It should be kept in mind that the additional layers slow down
the response of the sensors. Therefore, additional coatings can
be omitted if the above-mentioned light interferences are not
critical.

9.4. Materials Acting As Inert Mechanical Support

Planar optodes require a support that is supposed to have
following properties: (i) mechanical stability, (ii) transparency
to the excitation and emission light, (iii) chemical and
photochemical inertness, (iv) resistance to solvents used for
coating of the pH sensing layer, (v) low or no background
fluorescence, and (vi) allow adhesion of the pH sensing layer.
Poly(ethylene terephthalates) (PET, such as Mylar or related
brands) fulfill virtually all these requirements. It is the support of
choice in most planar optodes reported so far, commercial
products included. The autofluorescence of PET can only be
observed under excitation with UV or violet light, which again
underpins the advantage of longwave indicators. The foils
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Figure 30. Ratiometric luminescent pH sensing. (A) pH dependency of excitation (left) and emission (right) spectrum of 8-hydroxypyrene-1,3,6-
trisulfonate HPTS in an aqueous buffer. Reprinted by permission of Springer Nature from ref 36. Copyright Springer Nature 1983. (B) pH-dependent
excitation (left) and emission (right, A, 534 nm) spectra of C-SNARF-1 in an aqueous buffer. Reprinted from ref 445 with permission from Elsevier.
Copyright Elsevier, Inc., 1991. (C) pH-dependent emission spectra of the sensing material incorporating an aza-BODIPY pH indicator in hydrogel D4
and reference emitter Egyptian blue used in form of microcrystalline powder in the same matrix. Both emitters are excited at 625 nm. Author version of
a figure from ref 153. Copyright American Chemical Society 2013.
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coated with the sensing material can be conveniently punched or
cut into spots of several millimeters in diameter.

The sensing layer may be further treated with an oxygen or
nitrogen plasma to result in a more hydrophilic surface and thus
to promote adhesion of the hydrogel.”*>"*’

Glass supports are less common in case of planar optodes due
to lower flexibility in the dimensions and postprocessing.
However, glass surface can be modified in many ways via
silanization and sol—gel chemistry."*® This is particularly
attractive for covalent coupling of the sensing layer.

In fiber-optic sensors, the fiber acts as a solid support. Glass
fibers can be modified as described above, and plastic
poly(methyl methacrylate) fibers can be directly coated with
the sensing material but adhesion of hydrophilic hydrogels on
the hydrophobic surface may not be optimal. It should be kept in
mind that PMMA dissolves or swells in many organic solvents.

9.5. Photostabilizers

Oxygen practically is omnipresent. Organic dyes in the first
excited singlet state can convert triplet oxygen (* - 0,) to
singlet oxygen (' A, '0,) which then can react with lndlcators to
give nonlummescent products of photo-oxidation. Singlet
oxygen can also attack polymer backbones. Quenching of the
singlet excited state by molecular oxygen is relatively inefficient
because of the short lifetime of the former. On the other hand,
efficient generation of singlet oxygen is expected from metal—
organic phosphorescent indicators and in organic molecules
with significant probability of intersystem crossing, such as
porphyrins.

Photodecomposition of indicators is particularly eflicient
under strong UV radiation, when using strong light sources, and
under continuous illumination. It can be reduced by applying
pulsed light excitation or low radiant powers. Three strategies
have been employed to prevent photodecomposition. The first
consists in the fluorination of the indicator dye, the second in the
incorporation of protective functional groups (such as tertiary
amino groups) into the indicator dye, and the third by simply
adding a stabilizer to the sensor matrix. This section mainly
refers to additives.

It was reported quite some time ago ~ that olefinic and
aromatic molecules carrying tertiary amino substituents are very
stable toward photodegradation by 'O,. This was exploited to
prevent 1nd1cators from being oxidized by 'O, by addition of
tertiary amines”> to the sensor matrix. They physically quench
'0,, for instance 1,4-diazabicyclo-[2.2.2]octane
(DABCO).”**"%** Other stabilizes (e.g., carotene)’*’ chemi-
cally react with 'O, and thus are consumed. Other donors that
can decomgose '0, include certain sulfur compounds,”’
astaxanthin, > adlylurea,%2 azides.”**?** Molecules where a
reducing and an oxidizing moiety are covalently linked have
been reported.”* Very recently, Demchenko’*° has presented a
topical review on mechanisms of photobleaching of organic
fluorophores, and on ways how to prevent it.

924

10. LUMINESCENT SENSORS

Luminescent pH sensors are the ones most often reported in
recent years. Numerous spectroscopies and read-out schemes
have been reported. They are summarized in this section.

10.1. Intensity-Based Sensors
Measurement of luminescence intensity at a single wavelength is
common in case of pH sensors but mainly restricted to

characterization of the new materials at an early stage of sensor
development. It enables fast screening of these materials with

respect to the analytical range, and signal change. However, it is
less suitable for practical applications since the signal of the
sensor is affected by the intensity of the light source, sensitivity
of the photodetector, thickness of the sensing layer, or its
distance from the optical fiber (for the sensor spots positioned
on the inner wall of a glass window). Self-referenced indicators
explore either measurement of luminescence decay time
(described in section 10.2) or measurement of luminescence
intensity at several wavelengths (ratiometric probes, section
2.11).

The first type of ratiometric pH indicators explores a
difference in fluorescence excitation spectra for protonated
and deprotonated forms. Such scheme is particularly useful in
case of indicators, which feature photodissociation in the singlet
excited state, such as HPTS (section 4.1), and therefore having
identical emission spectra for the protonated and deprotonated
forms of the indicator (Figure 30A).*

Indicators that feature significantly different emission spectra
in both forms include seminaphthorhodafluors (SNARFs)
(Table S10, Figure 30B). The calibration may alter significantly
with the variation of the peak wavelength of the excitation source
(e.g., LED) when absorption spectra differ (Figure 30B). In case
of spectral overlap of absorption and emission (Table S10,
Figure 30B), FRET can occur and shift apparent pK, values.
Then, the calibration of the ratiometric sensor is concentration-
dependent, resulting in the shift of the inflection point to higher
values at lower concentrations of the dye (less effect of FRET).

Ratiometric indicators are valuable for microscopic imaging of
pH, but they have been also applied in pH sensing materials. For
instance, SNAFL-2 was covalently immobilized into a photo
cross-linked poly(acrylamide- co-vmylamlne) hydrogel posi-
tioned on the tip of optical fiber’”” and SNARF-1 isothiocyanate
was coupled to pHEMA and immobilized onto a tip of PMMA
fiber

Slnce self-referenced indicators are comparably rare, optical
pH sensors often contain an additional reference emitter with
luminescent properties that do not depend on pH. The best
candidate will possess the excitation spectrum similar to that of
the pH indicator, but different emission spectrum (Figure 30C).
The fluorescein/rhodamine system, despite several limitations,
has been used most often (refs 404, 411, 618, 753, 755,
763—766, 788, 836, 876, and 887). In fact, a referenced
measurement can often only be achieved by using 2 different
excitation wavelengths (e.g., 488 nm for fluorescein and about
550 nm for the rhodamine dyes) which does not fully
compensate for potential drifts (e.g., in the excitation source).
Nevertheless, a combination of fluorescein and rhodamine dyes
has been widely used probably due to availability of reactive
derivatives. For instance, Lei et al."® prepared mesoporous silica
nanoparticles from fluorescein and rhodamine B isothiocya-
nates.

In case of NIR emitting pH indicators, microcrystalline
powders of inorganic phosphor Egyptian Blue (broadband
excitation from 500 to 900 nm; Aoy em = 909 nm) were found to
be very promising,">” Large Stokes shift of the luminescence of
the phosphor is responsible for efficient spectral separation from
the fluorescence of the indicator (Figure 30C).

10.2. Decay Time-Based Sensors

Measurement of luminescence decay time represents a self-
referenced technique, which is free from the drawbacks of the
intensity-based read-out. Generally, the fluorescence lifetime
can be measured in frequency domain and in time domain.
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Phase modulation technique allows calculation of decay time
from the fluorescence phase shift @ (z = tan ®/2xf). Evidently,
in case of indicators with nanosecond decay times, the
modulation frequencies have to be very high (10—300 MHz)
to measure phase shift reliably. Longer decay times (e.g,, typical
for some QDs and metal—ligand complexes) require lower
modulation frequencies and thus cheaper instrumentation.
Importantly, phase modulation technique allows measurement
of the average decay time so that the calculated values will be
affected by the level of background fluorescence, which,
however, can be minimized by using long-wavelength probes.
Time domain measurement of fluorescence decay time is usually
realized using time correlated single-photon counting technique
(TCSPC). Providing that the fluorescence decay time of the
probe is much longer than of the background, the background
signal can be almost completely eliminated. However, TCSPC,
which is widely used for fluorescence lifetime imaging (FLIM),
is neither very compact nor very cheap, it requires high quality
pulsed light sources and is therefore less suitable for application
in compact optical sensor devices.

In contrast to optical oxygen sensors, which rely on dynamic
luminescence quenching,”’2 the situation is more complicated in
case of fluorescent pH indicators. With the exception of FRET-
based systems (section 10.4), measurement of the decay time
with a single indicator dye is only possible if (i) both indicator
forms are emissive and (ii) they have significantly different
fluorescence decay times. Evidently, because two forms with
different decay times coexist, the overall signal cannot be
described by monoexponential model. An alteration of pH shifts
the ratio of the two forms, and this results in the change of the
respective amplitudes in the biexponential signal. However, for
practical purposes it is often sufficient to measure average decay
time of the sensor.

Because of the above requirements, the number of pH probes
suitable for the decay time read-out is rather limited. Lakowicz
and co-workers demonstrated that the fluorescence lifetime of
SNARFs can serve as an analytical parameter (Figure 31A).%%
Frequency domain measurement of the fluorescence phase shift
and decay time revealed dependence of the calibration curves
and pK; on the wavelength at which the fluorescence was excited
and detected. Evidently, design of solid state sensors based on
dyes like SNARF or SNAFL is more challenging because of
relatively high concentration of the dye in matrix and very strong
overlap between the emission of the protonated form and the
absorption of the deprotonated form of the indicator. This
results in an efficient FRET affecting the pH calibration in terms
of both fluorescent intensity and decay time response.

Sensors based on probes exploring photoinduced electron
transfer can be more advantageous since the emission spectra
of the protonated and deprotonated forms are very similar and
the complications due to concentration-dependent FRET effect
are not expected. Indeed, Draxler and Lippitsch showed®® that
the sensor based on diethylaminomethylpyrene embedded into
a polyurethane hydrogel shows no concentration-dependent
effects. Unfortunately, numerous “on”—“off” probes are not
suitable for this read-out. However, such read-out becomes
possible if the PET effect is comparably inefficient. This can be
achieved by rational design of the probe by combining a receptor
with relatively high oxidation potential and the chromophore
with relatively low reduction potential, by shifting the
absorption of the chromophore to longer wavelengths or by
reducing polarity of the matrix.””* For example, Aigner et al.***
designed a decay time pH probe based on an alkylamine
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Figure 31. Examples of decay time sensing of pH. (A) Fluorescence
phase shift and decay time response of SNARF-6 to pH under 543 nm
excitation and emission detected at different wavelengths. Adapted with
permission from ref 937. Copyright American Chemical Society 1993.
(B) Decay time response of the Cu-doped gradient-alloyed CdZnS
nanoparticles to pH. Adapted with permission of The Royal Society of
Chemistry from ref 798. Copyright The Royal Society of Chemistry
2015. Permission conveyed through Copyright Clearance Center, Inc.

receptor and perylene chromophore. The negatively charged
indicator embedded into positively charged RI-100 nanobeads
showed a decrease in fluorescence decay time from 6.7 to 4.6 ns
on going from pH 4.5 to pH 8.

The decay times of organic chromophores rarely exceeds 10
ns and is often significantly shorter. Therefore, fluorescence
background may significantly affect the lifetime measurement
particularly in case of the indicator form with the shortest decay
time. Several probes featuring long decay times have been
developed. The above-mentioned diethylaminomethylpyrene
features decay times of 160 ns for the acid form and 22 ns for the
base form.°® The protonated form of acridine also features very
long fluorescence decay time of 31.6 ns, whereas 7 for the
deprotonated form is 6.6 ns.”** Ryder et al.>>’ designed a pH
sensor based on acridine immobilized into Nafion 117
membrane. The dye retained high lifetime dynamics (33 and
14 ns for the protonated and deprotonated forms, respectively)
in the matrix.

Quantum dots represent bright and photostable emitters.
Their decay times are significantly lon%er than those of most
organic chromophores. Orte et al.*”' demonstrated that
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Figure 32. Examples of anisotropy-based pH sensing. (A) pH dependency of fluorescence anisotropy of 10-diethylaminomethylanthracene in an
unspecified solvent. Adapted with permission from ref 940. Copyright American Chemical Society 1993. (B) pH dependency of the emission spectra
(left) and anisotropy (right) of the stretched films containing Py-2 (structure shown below) and solution of 6-carboxyfluorescein. Adapted with
permission of The Royal Society of Chemistry from ref 941. Copyright The Royal Society of Chemistry 2015. Permission conveyed through Copyright

Clearance Center, Inc.

modification of commercially available CdSe/ZnS QDs (A em
= 535 nm) with mercaptopropionic acid renders them pH
sensitive. The average decay time increases from 8.7 to 15.4 ns
on going from pH 5—9.

Cu-doped gradient-alloyed CdZnS QDs (2 = 3.5 nm)
reported by Chen et al.””® showed tunable NIR fluorescence
(650—750 nm) and very long decay time approaching 1 ys. The
luminescence lifetime has a sigmoidal dependence on pH with a
linear range from pH 5.5—7.0 (Figure 31B). It changed almost 4-
fold (200 ns at pH 4 to 900 ns at pH 8). Other promising QDs
nanosensors explore FRET effect (section 10.4).°%

The decay time of Pt nanoclusters was reported to show strong
pH dependence.”*® The decay time changes from 21 to 10 ns
when going from pH 5 to 9 due to the change of the surface
states (zeta potential changes from —0.83 mV to —20.80 mV
from acidic to alkaline pH).

Finally, metal—ligand complexes featuring long-lived lumines-
cence (see section 4.2 for more details) appear to be promising
candidates for pH sensing and imaging in the lifetime mode.
Indeed, the read-out of the relatively long decay times (>1 us)
can be realized with very compact and cheap instrumentation
(phase fluorometer). Main disadvantage of such probes is their
cross-talk to oxygen, which is typically proportional to the
luminescence decay time, only lanthanide chelates represent a
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notable exception. The number of these probes, however, is
limited and the spectral properties, stability and cross-talk to
other species are far from being optimal. As was discussed above
(section 4.2), only some indicators are in reality suitable for the
lifetime read-out,”” whereas others show strong dependency of
the calibration on buffer concentration and composition and are
virtually useless.

Selected examples of lifetime-based sensors and nanosensors
can be found in Table S11.

10.3. Fluorescence Anisotropy-Based Sensors

The fluorescence anisotropy upon excitation with a polarized
light (r) can be defined as follows: r = (I — I,)/(Iy + 21,),
where Ij; and I, are the emission intensities detected upon
orientation of polarizer parallel and perpendicular to direction of
the polarized excitation, respectively.””" Similar to the decay
time, anisotropy is a self-referenced parameter which is
independent of, for example, intensity of the excitation source
or sensitivity of the detector. Importantly, the read-out can be
realized with a very simple equipment. Measurement of
fluorescence anisotropy is very useful for investigation of
binding reactions causing a change in the rotational time of
the molecules. The question arises if anisotropy can be a useful
parameter in case of pH sensors. For a pH indicator or any other
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fluorescent molecule, the observed anisotropy will be
determined by the fluorescence lifetime T and the rotational
correlation time ¢ as follows: r(t) = r, exy —1/¢), where 7, is
the intrinsic anisotropy of the molecule.”” Thus, to observe a
change in anisotropy the pH indicator should possess a short
fluorescence lifetime (well below 1 ns) or be located in a highly
viscous environment. It should also show a pronounced change
in the fluorescence decay time upon (de)protonation but
simultaneously possess comparable fluorescence quantum
yields. Evidently, very few fluorescent pH indicators fulfill
these requirements; however, viscosity/rigidity of the matrixes
(polymeric hydrogels and particularly sol—gels) may be
sufficient to observe an effect for fluorophores with decay
times of several ns. An example of such system was presented by
Lippitsch,”*® who demonstrated potential suitability of 10-
diethylaminomethylanthracene for pH sensing (albeit for
dissolved dye) via anisotropy. The dye features a long
fluorescence decay time of 20 ns in the acid form but a very
short one (<0.1 ns) in the base form. Accordingly, an increase of
anisotropy from 0 to 0.15 is observed as pH increases, the
dependency almost ideally described by sigmoidal equation. No
dependency of the calibration curve on concentration of the
indicator was observed but the situation might be different in
case of optical sensors where homo FRET can be significant.
Lakowicz et al.”*' proposed anisotropy-based read-out of pH
sensors by using a reference luminophore. The measured
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anisotropy r is determined by the intensity weighted average of
the anisotropies of indicator and reference. Two combinations
of an indicator and a reference luminophore has been proposed:
(i) a reference with O anisotropy (long decay time) and an
indicator with short decay time and (ii) a reference with high
anisotropy (oriented fluorophores in stretched polymeric films)
and a fluorescent indicator with close to 0 anisotropy. As a proof
of concept, the authors used stretched poly(vinyl alcohol) films
doped with a conjugated dye Py-2 (Figure 32) as a reference,
which have anisotropy close to unity. 6-Carboxyfluorescein was
used as a pH indicator in solution. Increase of pH resulted in
enhancement of fluorescence of fluorescein and consequently in
decrease of anisotropy (Figure 32). As in the case of all
ratiometric read-out schemes, any variation in concentration of
the indicator or a reference but also the excitation wavelength
and the spectral window in which the emission is detected, will
affect the calibration plot.

Lippitsch discussed the challenges of des1gn1ng an optical
sensor based on anisotropy measurement.”** Apart from above
limitations in availability of suitable indicators and matrices, the
performance of the anisotropy sensor is compromised by light
scattering, since scattered light is polarized. Thus, measurement
in a scattering sample is difficult. To be inert to variation of the
turbidity of the probe, the optical sensor must contain an
additional black optical isolation layer. This, however, will result
in a lower brightness since additives such as titanium dioxide
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Figure 34. Examples of FRET-based pH sensors. (A) Fluorescence spectra (left) and pH calibration plot (right) for ratiometric pH-sensitive
nanoparticles based on coumarin 6, Nile red, and BTB. Reprinted with permission from ref 768. Copyright Wiley-VCH Verlag GmbH & Co., KGaA,
Weinheim 2010. (B) Luminescence lifetime-based pH sensing utilizing FRET from the phosphorescent Ru(II) polypyridyl dye to a pH-sensitive aza-
dye. Reprinted with permission from ref 944. Copyright American Chemical Society 1998.

particles (section 9.2) cannot be used to enhance luminescence
brightness via scattering. It should also be considered that
protonation/deprotonation of the indicator may change the
microviscosity of the matrix, which affects anisotropy. Also,
reorientation of the fluorophores in the polymer (accelerated at
higher temperatures) is likely to compromise the storage
stability of such sensors.

10.4. Energy Transfer-Based Sensors

Forster Resonance Energy Transfer (FRET, section 2.2.3) can
be very useful in optical pH sensing. It is utilized (i) to convert
the response of an absorptiometric indicator (used as a FRET
acceptor) into luminescence intensity/decay time change with
help of a luminescent energy donor, (ii) to enable ratiometric 2-
A read-out by using a fluorescent pH-insensitive donor and a
fluorescent pH-sensitive acceptor, and (iii) to enhance the
luminescence brightness of pH sensors or to increase the Stokes
shift via addition of energy donors with high molar absorption
coefficients. The use of FRET from a fluorescent donor to a
nonfluorescent pH-sensitive acceptor was first proposed by Walt
and co-workers.** They prepared a fiber optic sensor containing
fluorescent eosin and nonfluorescent pH sensitive phenol red in
cross-liked polyacrylamide. Lakowicz and co-workers”** pointed
out potential limitations of the FRET approach, such as a drift of
calibration, because of a change of the acceptor concentration
caused by, for example, osmotic effects. Covalent coupling of an
acceptor to a donor was indicated as a promising strategy to
overcome the above drawback. Later, the same group reported a
sol—gel pH sensor (TMOS) exploring FRET from Texas red
hydrazide (TXH) to bromothymol blue (BTB) (1, Figure
33).°% In fact, the emission spectrum of TXH shows almost
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perfect overlap with the absorption band of deprotonated BTB
resulting in fluorescence quenching at pH > 6. Surprisingly, the
material exhibited an extreme sensitivity to ionic strength and to
the nature of the ions added.

FRET was widely used to design spH nanosensors suitable for
ratiometric 2-A read-out. Chan et al.>*” reported semiconducting
polymer dots (2 = 25 nm) made of fluorescent poly(2,5-
di(3’,7’-dimethyloctyl)phenylene-1,4-ethynylene) (PPE) act-
ing as energy donor and fluorescein as an energy acceptor (2,
Figure 33). Upon excitation of the PPE (390 nm), the
nanoparticles showed pH-sensitive green fluorescence from
fluorescein and pH-insensitive blue fluorescence from PPE, used
for referencing purpose.

Peng et al.”®® prepared polyurethane nanoparticles (& = 137
nm) doped with pH insensitive dyes coumarin 6 and Nile red
and absorptiometric pH indicator bromothymol blue (BTB) (3,
Figure 33). The coumarin 6 antenna enables efficient excitation
with blue light and partly transfers the energy to Nile red. FRET
from the coumarin 6 to the protonated form of BTB results in a
decrease of green fluorescence (An = S00 nm) at low pH
(Figure 34). On the other hand, deprotonated form of BTB acts
as an energy acceptor for Nile red, resulting in quenching of the
red emission at high pH making the nanoparticles suitable for
ratiometric read-out.

FRET represents an efficient way to increase the brightness of
the optical sensors.”*” The energy acceptor is an indicator, which
possesses the desired properties but features comparably low
molar absorption coefficients and therefore low brightness.
Addition of bright antenna fluorophores helps to overcome this
limitation. Larsen et al.*”* used a coumarin antenna (Macrolex
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yellow) to enhance the brightness of 1-hydroxypyrene-3,6,8-tris-
bis(2-ethylhexyl)sulfonamide (HPTS(DHA);), 4, Figure 33.
The absorption of the deprotonated form of HPTS(DHA),
(Amax = 525 nm) almost ideally overlaps with the emission of the
coumarin (4,,,, = 505 nm) resulting is strong fluorescence
enhancement upon excitation with blue light. On the contrary,
the protonated form of the pH indicator absorbs at 433 nm, so
no FRET is possible and the emission from the coumarin is
observed. Thus, the sensor is suitable for ratiometric 2-1 read-
out realized via measuring of green fluorescence from the
coumarin (low pH) and orange fluorescence from HPTS-
(DHA); (high pH).

Nanoparticles based on conformational changes in the
polymer, which promotes FRET between the chromophores
represent a very interesting approach.871’877 Also, many
nanosensors based on inorganic semiconductor quantum dots
employ FRET to render the emission pH sensitive.”"”**® Often,
this allows to generate pH-dependent changes in the
fluorescence decay time and makes the probes suitable for
FLIM imaging.**® Notably, the fluorescence lifetime of QDs is
significantly longer that of organic fluorophores so that the
fluorescence background can be efficiently eliminated even in
the quenched state.

As was mentioned in section 10.2, measurement of relatively
long luminescent lifetimes is attractive from practical point of view.
Apart from metal-ligand complexes, which show intrinsic
response of their decay time to pH, it is also possible to design
optical sensors based on FRET. Here, a bright pH-insensitive
luminescent metal complex acts as an energy donor whereas a
pH indicator acts as an energy acceptor in one of its forms.
Importantly, a wide range of absorptiometric indicators can be
used. Kosh et al.”** prepared several sensors based on
ruthenium(II) tris-4,4-diphenyl-2,2-dipyridyl as an energy
donor and a pH-sensitive dye (BTB or an aza-dye) as an energy
acceptor (S, Figure 33). The efficiency of FRET was highly
dependent on BTB concentration, and 10 mmol/kg of BTB was
necessary to achieve sufficient response. FRET was efficient at
high pH, resulting in decrease of the luminescence lifetime of the
Ru(II) complex from 1.44 us at pH S to 0.76 us at pH 9 (Figure
34). The cross-sensitivity to oxygen was very modest: reduction
of the decay time from 1.38 to 1.31 s at pH 6 was observed on
changing from O,-free to air-saturated solution, which is
equivalent in error of 0.16 pH units. Nevertheless, photo-
sensitized singlet oxygen accelerated photodegradation of the
pH indicator, particularly in its deprotonated form. More
advantageously, the distance between the donor and acceptor
can be kept constant with help of a covalently bound spacer
(67" and 8,”*° Figure 33). As energy donors, Eu(III) chelates
(7%°%%%7 and 8,7* Figure 33) represent an interesting alternative
to the Ru(II) complexes since their luminescence is only slightly
quenched by oxygen despite long decay times of several
hundreds of microseconds.

Dalfen et al.>** reported pH sensors utilizing diazaoxotrian-
gulenium (DAOTA) dyes (9, Figure 33). In solution, the
indicators showed “on”—“off” behavior due to fluorescence
quenching via photoinduced electron transfer. In contrast, a
clear dependency of the fluorescence decay time was observed
for the dyes immobilized into polyurethane hydrogel. The
lifetime response was the most pronounced for the sensors using
high dye loading (0.5—1 wt %) and was attributed to homo-
FRET from the fluorescent protonated to nonfluorescent
deprotonated form of the dye.
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A comparative table of optical pH sensors based on FRET can
be found in the Supporting Information (Table S12).

The above examples demonstrated usefulness of FRET in
design of optical pH sensors. Limitations of these sensors arise
from the fact that FRET efficiency is determined by the distance
between the donor and acceptor and consequently their
concentration in the sensing material. Thus, if the pH indicator
that acts as a FRET acceptor is leached out of the sensor, a
substantial drift of the calibration is expected. Water uptake
(swelling) of the polymers might be affected by temperature or
ionic strength, which, therefore, may also affect the calibration.
Preparation of conjugates in which donor and acceptor are
covalently coupled through a spacer, is a preferable strategy to
minimize the above effects, but it can be challenging from
synthetic point of view. In case of phosphorescent energy
donors, photobleaching can be very fast due production of
highly reactive singlet oxygen. Evidently, destruction of the
donor or acceptor by photosensitized singlet oxygen will result
in the sensor drift.

10.5. Other Luminescent Sensing Schemes for pH

Several reported pH optodes rely on the inner-filter effect on
fluorescence. These sensors are based on absorptiometric
indicators (section 3), which are highly versatile with respect
to their chemical structure and acidity constants. Some of the
cross-sensitivities of fluorescence (e.g., dynamic quenching) can
be avoided. In this method, the intensity of an inert emitter
(fluorescent dye, quantum dot, inorganic phosphor) is
modulated by the pH-dependent absorption of the indicator,
which screens off excitation light or emitted light. To obtain a
ratiometric response, a mixture of several emitters can be used.
For example, Suzuki and co-workers”** fabricated a pH sensor,
which contained two types of photostable quantum dots (4, =
525 and 605 nm, respectively) embedded into a sol—gel layer
and a colorimetric indicator (Congo red or Basic Fuchsin)
immobilized into a second sol—gel layer. Both sensors showed
decrease of the red fluorescence at lower pH accompanied by
simultaneous enhancement of the green fluorescence. The
sensors based on the use of Congo red or Basic Fuchsin showed
dynamic ranges between pH 2—6 and 0.2—1.2. A wide-range
sensor (containing a mixture of neutral red and methyl yellow)
covering the pH range from 4 to 10 was also prepared and
showed remarkably linear calibration but also relatively low
resolution.

Borisov and Klimant reported a similar approach™ but used
inorganic phosphor micropowders as luminescent emitters.
Compared to metal(organic) dyes and quantum dots, these
emitters show exceptional chemical and photochemical stability
and inertness to potentially interfering species such as oxygen or
ions. On the other hand, the brightness of the phosphors is lower
than that of the dyes. Broad-band excitation and/or emission
spectra allow using a single phosphor for ratiometric 2-
wavelength read-out based inner filter effect. For instance, in
the first concept (Figure 35A) the NIR emission of chromium-
(II1)-doped gadolinjium aluminum borate (Cr-GAB) was
modulated by the pH-dependent absorption of an aza-BODIPY
indicator (section 4.1) due to overlap of the protonated and
deprotonated forms of the indicator with short-wavelength and
long-wavelength components, respectively, of the broad
emission of Cr-GAB (Figure 35B). Long luminescence decay
time of the phosphor (85 ys) enabled complete elimination of
the background fluorescence originating from the protonated
form of aza-BODIPY, which otherwise interferes (Figure 35).
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Figure 35. (A) Cross-section of an optical pH sensor based on inner-
filter effect read-out. (B) Emission spectra of the pH sensor (4, = 590
nm) obtained in a time-resolved measurement (delay 20 ps) and
resulting calibration curve (inset). Reprinted from ref 949 with
permission from Elsevier. Copyright Elsevier B.V. 2013.

Reliable ratiometric 2—A read-out was possible (Figure 35B,
inset). In the second mode, the pH indicator m-cresol purple
was used. Cr-GAB features two excitation bands in the blue and
orange parts of the spectrum. The protonated and deprotonated
forms of m-cresol purple overlap with the first and the second
excitation bands of the phosphor, respectively, thus making
ratiometric measurement in the excitation mode possible. The
phosphor Egyptian blue features similar properties (broad
excitation at 500—700 nm, NIR emission at >800 nm) and also
is suitable for the ratiometric read-out in the excitation mode.">*
It was also shown that simultaneous sensing of pH and
temperature is possible.”** Cr(III)-activated yttrium aluminum
borate is used as a phosphor that has identical excitation spectra
at different temperatures but its decay time is highly temper-
ature-dependent.

Wolfbeis and co-workers”® made use of the inner-filter effect
to design an upconversion-based pH sensor. NaYF,:Er,Yb
nanorods (50 nm in diameter and 950 nm in length) show pH-
independent green (511—566 nm) and red (635—685 nm)
emission under excitation with a 980 nm laser. The nanorods
were dispersed in a polyurethane hydrogel containing dissolved
bromothymol blue (BTB). The absorption of BTB overlaps the
emission, which therefore can be modulated by pH. The effect
was found to be different for the two bands, which enables
ratiometric measurement. In further work,”®" the indicator was
substituted by neutral red, which is more lipophilic and enables
better modulation of the green luminescence of the nanorods.
Analogous systems were reported by Xi et al.”>* (section 10.6)
and Strobl et al,,”>® who used a combination of a molybdate
phosphor doped with Yb(IIT), Ho(III), and Tm(III) and a NIR-
absorbing aza-BODIPY indicator.

>

3504

@

<

3
n

N

&

3
n

= 150

Lumin. intensity (a.u.)

1004

700

w)

o
@

o
S

08

0.6

Absorbance

o
=

Aysusju| paziewonN
Intensity (a.u.)

0.4

e
N

0.2

0

0

400 450 500 S50 600 650 700 750 800 500

Wavelength (nm)

1000
';: o 1 - 797/845nm
8, T 2
> 809%
@ B 10
|4 2
g 6002 s
£ =
8 : -
g 4004 ¢ 7 8 9 10
g ™
c 200
E 1645 nm
3 '
=1 0 —_ ; ﬁ\ . 4 1'
500 600 700 800 900

Wavelength [nm]

Wavelength (nm)

Figure 36. Examples of pH sensors based on lanthanide upconversion. (A) pH-dependent upconversion spectra for the sensor film utilizing
NaYF :Er**,Yb** nanorods and bromothymol blue. Reprinted with permission of The Royal Society of Chemistry from ref 950. Copyright The Royal
Society of Chemistry 2009. (B) pH-dependent upconversion spectra of the sensor film containing NaCaY,,Yb,;Tmgg,Hogos(MoO,)s
microcrystalline powder and an aza-BODIPY pH indicator and the respective calibration plot (inset). Reprinted from ref 953 with permission
from Elsevier. Copyright Elsevier B.V. 2017. (C) Emission spectra of the NaYF,:Yb**,Er** nanorods (inset) together with the absorption spectra of the
ETH 5418 pH indicator in protonated and deprotonated forms. Reprinted with permission from ref 952. Copyright American Chemical Society 2012.
(D) pH-dependent upconversion spectra for the sensor film containing NaYF,:Yb**,Er** nanorods and ETH 5418 in plasticized poly(vinyl chloride)
and the respective calibration plot (inset). Reprinted with permission from ref 952. Copyright American Chemical Society 2012.
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The red fluorescence of 2 nm gold nanoclusters (AuNCs),
with excitation/emission peaks at 470/640 nm, is strongly
modulated by the pH indicator BTB.”>* BTB is present in a
bovine serum albumin shell on the AuNCs. Sensitivity to pH
results from an inner filter effect due to spectral overlap between
the pH-dependent absorption of BTB and the emission of the
AuNCs. The method was applied to quantify and to image pH
values (between 5 and 9) that occur after the death of red blood
cells. Such pH changes are considered as a potential forensic
marker for estimating the time passed since death has occurred.

10.6. pH Sensors Based on Upconversion and 2-Photon
Absorption

Probes that emit at wavelength shorter than the excitation
wavelength, are of high interest for their ability to eliminate
fluorescence background. Anti-Stokes luminescence can be
generated via three main types: (i) lanthanide upconversion, (ii)
triplet—triplet annihilation based upconversion (TTAU), and
(iii) multiphoton absorption (most prominently two photon, 2-
P). TTAU has been almost exclusively investigated for energy
conversion applications and has not been explored for design of
pH probes that is explained by strong oxygen quenching of the
molecules in the triplet state that are involved in the
upconversion process. On the other hand, several pH sensors
based on lanthanide upconversion and two-photon excitation
have been reported. For these two types, the luminescence
quantum yields are much lower than for conventional single-
photon probes. Therefore, the required energies of excitation
light vary from high (lanthanide upconversion) to very high (2-P
excitation). Consequently, the scope of 2-P probes is restricted
to microscopic imaging, which is also the main application of the
lanthanide upconversion.

Application of lanthanide upconversion in microsensors and
planar optodes is still possible but advantages of the anti-Stokes
luminescence are balanced by the bulkiness of the setup. In case
of bulk optodes, a good NIR probe can deliver very low levels of
autofluorescence. pH sensors based on upconverting materials
benefit from high chemical and photochemical stability of the
inorganic upconverting emitters. Wolfbeis and co-workers”’
were the first to report a pH sensor relying on lanthanide
upconversion. They modulated the upconverted green and red
luminescence of NaYF,:Er**,Yb* nanorods (emission A, =
540 and 660 nm) via an inner-filter effect (section 2.2.4) caused
by the pH indicator bromothymol blue (Figure 36A). Both
components were embedded into a polyurethane hydrogel layer.
Referenced ratiometric measurement is possible since the red
emission of the nanorods is modulated to a higher extent (2-fold
intensity decrease from pH 6 to 10) than the green one. In
further work reported by the same group, bromothymol blue
was substituted by neutral red.”>' The protonated form of the
latter almost perfectly overlaps the green emission of the
upconverting nanoparticles resulting in a strong inner filter
effect. Since the indicator does not absorb in the red part of the
spectrum, the red emission from the nanorods is not modulated
by pH and is suitable for referencing. For the first time,
ratiometric RGB imaging (see section 11.1 for more details)
with planar optodes under NIR excitation became possible
because both green and red emission from the upconverting
nanoparticles (UCNPs) almost perfectly overlap with the
respective color channels of an RGB camera. Anker and co-
workers prepared a rather complex sensor utilizing a layer
containing UCNPs and a pH-sensitive lage}‘ based on
bromocresol green in a sol—gel material.””® Since the

deprotonated form of the dye only partly overlaps the red
emission band of Er’*, the upconverted emissions at 671 and
661 nm are modulated to a different extent. In practice, it is
challenging to separate two emission peaks separated by only 10
nm.
Xi et al.”>> demonstrated that the response of an upconversion
sensor can be further improved by using indicators if spectral
properties better match the emission of the lanthanide
nanorods. The absorption of the protonated form of a lipophilic
Nile blue derivative (ETH 5418, Chromoionophore VII, 4., =
670 nm; designed by Simon et al.***”) shows almost perfect
overlap with the red emission of the nanorods, whereas the
absorption of the deprotonated form (4,,,, = 525 nm) matches
very well with the green emission of the nanorods (Figure 36C).
Consequently, the luminescence intensity at 660 nm increases as
the pH increases, and the opposite effect is observed for the
green emission (Figure 36D). Since the pH indicator and the
nanorods were embedded in a matrix consisting of poly(vinyl
chloride), sodium tetrakis-[3,5-bis(trifluoromethyl) phenyl]
borate and a plasticizer were necessary.

The above nanosensors are based on the NaYF,:Er®*,Yb**
phosphor and utilize the dual emission of the Er’* (green and
red). Strobl et al.”>® presented an attractive alternative. A
molybdate host was doped with Yb**, Ho®*, and Tm*" to give
dual (red; A, = 645 nm and NIR; 4,,,, = 797 nm) emission
under 980 nm excitation (Figure 36B). The NIR emission of the
phosphor decreased in basic media due to rise of the NIR
absorption of the aza-BODIPY indicator, whereas the red
emission of the phosphor remained almost constant and can
serve as a reference. Ma et al.”*® coupled the pH sensitive dye
xylenol orange to the amino-modified surface of silica-coated
UCNPs (NaYF,:Yb**, Tm*"). Because of an inner filter effect,
the protonated form of xylenol orange reduced the fluorescence
intensity of the blue upconverted emission, whereas red
emission from the beads remained unchanged.

NaYF,:Yb**, Tm>" UCNPs have inert dual emission (blue,
451 and 475 nm; red, 646 nm) under 980 excitation.”” The blue
emission can be used to excite a BODIPY dye equipped with a
pH-sensitive PET group and is spectrally well separated from the
fluorescence (green, S00—600 nm) of the dye. The red UC
emission serves as a reference for ratiometric measurement.

Other authors utilized FRET from the upconverted phosphor
to a pH sensitive indicator. Schiferling and co-workers”>® coated
NaYF,Yb* Er** nanocrystals with a silica shell and further
modified it with the pH indicator pHrodo Red. Under NIR
excitation, the organic dye emitted upconverted emission at 590
nm as a result of the energy transfer from the lanthanide
nanoparticles. Unfortunately, sensitization of the fluorescence
was very inefficient, most likely because of a too large distance
between donor and acceptor. Li et al. noncovalently
immobilized a pH sensitive hemicyanine dye onto core—
shell—shell upconverting Yb**, Tm?*'-doped particles to obtain
ratiometric green/red emission response.959

Tsai et al.”*® investigated the mechanism of pH-sensitivity of
upconversion nanoparticles that are coupled to pH indicators.
They electrostatically bound the indicators to UCNPs with
polyethylenimine shells of varying thickness. For the thick layer
shells, the pH effect was solely due to the inner filter effect. For
the thin layer shells, the situation was more complex. Contrary to
previous expectation, the main effect remained emission-
reabsorption. The resonance energy transfer occurred only
with ~10% efficiency. This is attributed to the fact that only Er**
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ions close to the surface are within the Forster distance for UC-
RET with the dye.

Several groups utilized a common strategy of coating the
UCNPs (capped with oleic acid) with polyethylenimine layer to
introduce amino groups and subsequent covalent coupling of a
pH indicator to the latter. Kong and co-workers used
NaYF,:Yb*, Tm* nanoparticles in combination with a fluo-
rescein dye.”®" The dye acted as a FRET acceptor, which was
confirmed by the strong decrease of the luminescence decay
time of the upconverted green emission after dye coupling.
Because of the pH-dependent FRET, the blue emission of the
nanoparticles (A, =475 nm) decreased and the green emission
of fluorescein (A, = 510 nm) increased with increasing pH,
whereas the red upconverted emission was pH-independent and
served as a reference. Another group utilized a similar material
but doped Nd** into the inner shell to enable sensitization at 808
nm in addition to the typical sensitization wavelength of 980 nm
because of Yb*".”** Finally, Schiferling and co-workers used
polyethylenimine-coated NaYF,:Yb**Er** instead of NaY-
F,:Yb*",Tm®" beads and yellow light emitting pHrodo red
indicator instead of FITC.”*® This material enabled ratiometric
sensing and imaging of intracellular pH.”**

In contrast to the above upconversion based pH sensors, the
pH sensor reported by Zhao and co-workers®™ explored the
quenching properties of graphite oxide. Positively charged
polyethylenimine-coated NaYF,:Yb*",Er*" nanoparticles were
electrostatically immobilized on graphite oxide nanosheets. This
resulted in the formation of ~50 nm large composites, which
showed linear decrease of luminescence intensity (A, = 540
nm, 980 nm excitation) in the pH range 5.0—8.0. This change
was attributed to an increase of the negative charge of graphite
oxide and in a shortening of the distance between the UCNPs
and the quencher promoted by stronger electrostatic inter-
action. A bulk optode was constructed by depositing the
nanoparticles into the pores of a membrane filter via vacuum
filtration. The extent of quenching was rather moderate (35%)
but sensing was fully reversible. A similar material modified with
APTES has a slightly wider pH range from 5 to 9.**

It should be noted that several reported upconverting pH
“sensors” are actually only single-shot assays since the UCNPs
are simply dispersed in an aqueous solution of a pH sensitive
dye.”®>”%° The state of the art in upconversion luminescence
based pH nanoprobes has been reviewed by Mahata et al.*”®

The pH probes based on lanthanide upconversion are
summarized in Table S13.

Two photon (2-P) excitation is another attractive possibility
to eliminate the autofluorescence. In case of 2-P probes, the
intensity of the emission is proportional to the square of the
excitation light intensity. This makes them attractive for imaging
applications due to better resolution and lower photobleaching
rates compared to 1-P probes. Additional benefits include better
penetration depth of NIR light, which is useful for imaging in
tissues and tissue models, such as spheroids. By analogy to the
brightness of conventional probes determined by molar
absorption coeflicient and luminescence quantum yield, the
brightness of 2-P probes depends on their quantum yield and 2-
P absorption cross-section (0,). Unfortunately, most conven-
tional 1-P dyes are poor two photon absorbers with a 2-P cross-
section of 1—20 Goeppert Mayer (GM) units. Compared to 2-P
excitable pH probes (indicator molecules),”*””°® the number of
2-P nanosensors is even smaller. For instance, Jia et al®?
reported on carbon dots with 2-photon absorption and pH-
sensitive emission. The fluorescence intensity decreases on

going from pH 4 to 8. Kong et al.”*” prepared carbon dots with a
very high 2-P cross-section of 32 000 + 4500 GM at 800 nm.
The carbon dots have surface bound terpyridine units that
induce pH sensitivity in the pH range from 6 to 8.5. They
allowed imaging in living cells and tissues in depths up to 185
pm. Kim et al.”*® designed a fairly bright pH probe for 2-P
imaging based on naphthalenylvinylpyridine incorporated into
ormosil beads (@ = 33 nm). Both the protonated and neutral
form of the dyes are emissive (4., = 565 nm, ¢ =0.18 and 4,,,,, =
460 nm, ¢ = 0.06). The protonated form can be excited with
NIR light (4, = 800 nm, 6, = 52 GM), whereas excitation of
the neutral form is weaker (1, = 750 nm, 6, = 4 GM).
Ratiometric emission read-out in the 2-P mode was demon-
strated to be possible, and the calibration plot correlates very
well with that obtained under 1-P excitation. Deficiencies of
such methods include (a) the lack of dedicated pH sensing
materials suitable for 2-P read-out, (b) the lack of an adequate
referencing method due to nonlinear dependency of the
emission light intensity on the intensity of the excitation light,
and (c) loss of the excitation light by scattering, which
diminishes the signal. All these effects may result in wrong pH
values.

10.7. Multiparameter Sensors

The unique possibility of light to guide multiple information
simultaneously can be utilized for multiparameter sensing.
Simultaneous monitoring of different parameters, such as pH,
pO,, and pCO,, is of much interest in biotechnology, marine
science, medicine, and many other fields. Basic principles are
covered in reviews”’>””" and will be only briefly discussed here.
One may distinguish between (a) arrays of several spots or fiber
sensors in close spatial proximity (poor spatial resolution, not
suited for intracellular sensing), (b) several indicators in the
sensor layer (um resolution), (c) several sensor beads in the
same polymer host, and (d) indicators sensitive toward two
parameters each with distinct influence on the luminescence
properties. The advantages of single material multiparameter
sensors include high spatial resolution and compact setup.
However, they may suffer from optical cross-talks originating
from inadequate signal separation. Often, a combination of
several probes with desired photophysical properties can be
found, but this requires a compromise between the best optical
match and other properties, including brightness, photostability,
and sensitivity.

Gehrich et al.*' described a sensor array for intravascular
measurements composed of three fiber-optic sensors (pH,
oxygen, and carbon dioxide) and a thermocouple for
compensation of the temperature cross-talk. A discontinued
Paratrend sensor (Diametrics Medical)””* adapted a very similar
approach (Figure 37A). Another array reported by Weigl et al.”®
included a flow-through cell with integrated absorptiometric pH
and pCO, sensors and pO, sensor based on luminescence
quenching. Walt and co-workers modified different parts of an
imaging fiber (& = 350 pum) composed of 3000 individual
elements with sensing materials for pH, pO,, and pCO,. The
modification was performed via photopolymerization by
illuminating different areas of the fiber array to deposit the
respective “sensing chemistry”. "’

Multianalyte sensors can be realized in a number of formats
(section 14) including fiber-optic sensors,”®"*'”*** planar
optodes,”>”*' or nanosensors®”"””* (section 8). Multipara-
meter optodes that rely on use of a single sensing material are
mostly limited to dual sensors. It becomes increasingly difficult
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Figure 37. (A) Cross-section of the Paratrend 4-parameter array
sensor. Reprinted by permission from Springer Nature from ref 972.
Copyright Springer Nature 2004. (B) Spectral properties of the pH/
pO, dual sensor at different pH and oxygen concentrations as well as the
spectral sensitivity of the camera channels. (DCIFA, 2',7'-dichloro-
5(6)-N-octadecyl-carboxamidofluorescein; PtTPTBPF, platinum(1I)
meso-tetra(4-fluorophenyl) tetrabenzoporphyrin) Reprinted from ref
973 with public license. Published by The Royal Society of Chemistry.

to find a suitable combination of individual probes but also the
complexity of required instrumentation and optical components
is increased significantly. In fact, only a few regorted Sensors can
measure 3 or 4 parameters simultaneously.”***** Among dual
sensors, combination of pH with oxygen' '>**"7°**7% and pH
with temperature is most common. Here, we do not consider
some “dual” probes reported in the literature, which apart to
their response to pH also show response to another
parameter.**°’%””” These probes do not allow simultaneous
quantification of the analytes since the changes produced by two
(or more) analytes are virtually indistinguishable.

The information generated by individual probes is separated
either spectrally or via decay time. In the first case, ratiometric
approach (section 2.11) is useful. The individual probes and the
reference are excited with a single light source but have to have
different emission spectra.”*"””® The information can be
separated by emission filters or an RGB camera. Meier et al.
reported a planar optode for simultaneous imaging of pH and
oxygen with help of an RGB camera.*"' Three types of
microparticles (FITC covalently bound to amino-cellulose,
Pt(II) porphyrin embedded into polystyrene beads, and
diphenylanthracene immobilized into polyacrylonitrile beads)
act as probes for pH, oxygen and a reference fluorophore,
respectively. All of them are dispersed in a single layer of
polyurethane hydrogel, which is permeable for protons and
oxygen. The probes show blue (diphenylanthracene), green
(FITC), and red (Pt(II) porphgfrin) luminescence. In a similar
design, Chen and co-workers’”® prepared a dual-sensor for pH

and oxygen suitable for the read-out with a color chip of a
smartphone. Red-emitting oxygen-sensitive nanobeads based on
Pt(II) porphyrin were dispersed in a hydrogel composed of
cross-linked chitosan. FITC was reacted with the hydrogel to
introduce pH sensitivity. Blue-emitting 4,40-bis(2-
benzoxazolyl)stilbene served as a reference.

Tian et al.””’ immobilized green-emitting 4-amino-1,8-
naphthalimide-based pH indicator and red-emitting Pt(II)
tetraphenylporphyrin-based oxygen indicator into a cross-linked
poly(2-hydroxyethyl methacrylate-co-acrylamide) hydrogel.
Since no reference dye has been added, dual sensing of pH
and oxygen is only possible in intensity mode. Referencing of the
oxygen indicator against pH probe and vice versa can only be
performed if one of the two parameters remains constant during
calibration and measurement.

Ehgartner et al.”” designed a dual sensor for pH and oxygen
by using lipophilic 2’,7’-dichloro-5(6)-N-octadecyl-
carboxamidofluorescein (DCIFA) as a pH indicator, platinum-
(11) meso-tetra(4-fluorophenyl)tetrabenzoporphyrin
(PtTPTBPF) as an oxygen indicator and fluorescent pigment
brick red as a reference. Under excitation with blue light DCIFA,
brick red, and PtTPTBPF emit in the green, red, and NIR parts
of the spectrum (Figure 37B). It was utilized for the read-out
with a dual chip RGB-NIR camera.

Spectral overlap between the emission spectra is difficult to
avoid in practice. Hence, probes with narrow emission bands are
particularly useful. For instance, the very narrow emission band
of Eu(III) complexes is beneficial in a dual pH/O, optode”'
and in a triple pH/pO,/temperature optode.”** In the former,
the red-emitting Eu(III) complex used as an oxygen probe was
combined with NIR-emitting aza-BODIPY pH indicator and a
green-emitting coumarin reference. The sensor was used for
imaging with a dual chip RGB/NIR camera. It was found that
the dual sensor relying on a Pt(II)-porphyrin used instead of the
Eu(III) complex suffers from optical cross-talks between oxygen
and pH and vice versa due to significantly broader emission
spectrum of the Pt(II) porphyrin compared to the Eu(III)
complex. In contrast to the above material, the triple sensor
reported by Stich et al.*** utilizes another Eu(III) complex as a
temperature probe, which is immobilized into poly(vinyl
chloride) microparticles to minimize oxygen cross-talk. The
pH is detected by a hydroxypyrenetrisulfonate (HPTS)
derivative immobilized onto pHEMA beads, and oxygen is
monitored by a Pt(II) meso-tetrapentafluorophenyl-
porphyrinlactone (PtTFPPL) in poly(styrene-co-acrylonitrile)
microparticles. All three probes are dispersed in a polyurethane
hydrogel. They are excited with a 405 nm LED and the signals
are clearly separated spectrally: the pH, temperature and pO,
probe emit in the green, red and NIR parts of the spectrum,
respectively. Oxygen and temperature are accessed via decay
time measurement (imaging in time domain), and pH via
ratiometric intensity imaging referenced either to the pO, or to
the temperature probe.

Another triple sensor > combines HPTS as a pH indicator,
ruthenium(II) tris(4,7-diphenyl-1,10-phenanthroline) (Ru-
dpp) as an oxygen probe, and CdSeTe quantum dots as a
temperature probe. Although the luminescence signals of the
indicators are well separated, the sensitivity of the oxygen and
temperature probes are rather low (10% intensity change for 0—
100% O, and about 10% intensity change for the temperature
probe in the range 10—45 °C).

The dual lifetime referencing technique (section 2.2.7) can be
modified so that simultaneous detection of two parameters
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becomes possible. This method is referred to as mDLR. The
information on pH values is obtained from the fluorescence of a
pH indicator, which is referenced against the slow-decaying
luminescence of the reference dye. The lifetime response of the
reference delivers information on the second parameter. This
method was demonstrated to be useful both in frequency
domain'>***" and in time domain.”’

Even 4-parameter sensing (pH, pO,, pCO,, temperature) has
been demonstrated.””® The method utilizes a combination of
two pairs of optical probes (fluorescent and phosphorescent)
which are spectrally independent of each other. The first layer
includes oxygen-sensitive phosphorescent Ir(III)-coumarin
embedded in polymeric beads made from cross-linked poly-
(styrene-co-divinylbenzene). They are dispersed in an ethyl-
cellulose layer. Fluorescent HPTS and a quaternary ammonium
base are dissolved in ethylcellulose to render the layer CO,-
sensitive. Both dyes are excitable by blue light and emit in 500—
600 nm window. The information is extracted by measuring the
overall phase shift at two modulation frequencies. The upper
layer is composed of temperature-sensitive phosphor (a Cr(I1I)-
activated yttrium aluminum borate) and a lipophilic fluorescent
SNAREF pH indicator in a hydrogel. Both probes can be excited
with red light and emit in far-red; they behave completely
independently on the pO, and pCO, probes. The disadvantages
include high complexity of the optical setup and multilayer
architecture of the sensing material that combines the
hydrophobic lower layer and the hydrophilic upper layer.

Indicators with dual sensitivity reduce the complexity of
multiparameter sensors. They eliminate consideration of
spectral compatibility and different leaching or photobleaching
rates. It can be difficult, however, to find a suitable indicator and
a matrix depending on which combination of parameters are to
be measured. Wolfbeis™ early demonstrated the feasibility of
sensing two parameters (pH, oxygen) with one indicator
(HPTS) and introduced two approaches for measurement. In
the two wavelength approach, the pH is determined via the ratio
of intensities measured at the isosbestic point (pH independent)
and the emission peak of the anion. As parameter for oxygen, the
fluorescence intensity at the isosbestic point is measured. In the
second approach, the oxygen content is assessed via the
fluorescence decay time that decreases with increasing oxygen
concentration. Other indicators for determination of two
parameters (pH/O,, pH/T, CO,/0,, pH/Cl™) were proposed.
Papkovsky and co-workers™® reported metalloporphyrins
modified with a Schiff base moiety (Figure 38) as indicators
for pH/O, determination. Protonation of the Schiff base results
in a decrease of the absorption at 400 nm and the formation of a
new maxima at 440 nm. This is accompanied by a decrease of
phosphorescence. Phosphorescence is also quenched by oxygen,
resulting in decrease of phosphorescence intensity and decay
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Figure 38. Chemical structure and acid—base equilibrium for Pt(II)
porphyrin acting as a dual indicator for oxygen (via phosphorescence
quenching) and pH (via absorption changes).

time. Such properties enable simultaneous measurement of pH
and oxygen either via (i) measurement of overall emission
intensity (influenced by pH and oxygen) and phosphorescence
decay time (influenced by oxygen only) or (ii) via measurement
of absorbance/reflectance at two wavelengths (the ratio depends
only on pH) combined with determination of phosphorescence
decay time. The second schema is preferred due to its self-
referenced nature. The proper selection of either Pt(II) or
Pd(II) complex allows tuning of the dynamic range for oxygen
measurement since the decay times of both complexes are
largely different.

Multiparameter sensin% and imaging with nanosensors
(section 8) is also popular.”*"*”* The design of multiparameter
nanosensors is challenging; in contrast to bulk optodes, the dyes
in nanosensors can be located closer to each other promoting
undesired quenching via FRET or accelerated photobleaching.
Leaching of the indicators and reference dye may be more
critical. Spatial separation of the dyes in a core—shell approach
appears to be a promising solution. The dual nanosensors
reported by Wang et al.**' rely on a unique core—shell structure.
A lipophilic oxygen indicator and a reference dye (Pt(II)
benzoporphyrin and metal-free porphyrin, respectively) are
embedded into a soft hydrophobic poly(propylene oxide) core,
which is rigidized with a silane agent; pH sensitive FITC is
covalently attached to the poly(ethylene glycol) groups of the
shell. The core—shell structure warrants good dispersibility and
high stability of the nanosensors (2 = 12 nm) in aqueous media,
whereas PEG chains render them cell-impermeable. The dyes
emit in the green (FITC), red (metal-free porphyrin) and NIR
(Pt(Il) benzoporphyrin) parts of electromagnetic spectrum
with virtually no overlap.

Chen and co-workers””* also prepared nanosensors for pH
and oxygen by combining red-emitting Pt(II) porphyrin as an
oxygen indicator and green-emitting FITC as a pH indicator in a
single particle composed of poly(9,9-dioctylfluorene). The latter
acts as a matrix for the dyes but also as an antenna (partly
transferring energy to Pt(II) porphyrin) and as a reference
fluorophore since its residual blue fluorescence is neither pH nor
oxygen-sensitive. As was shown in a related work,”® such
approach enables imaging under two photon excitation due to
exceptionally large two-photon cross-section of the conjugated
polymer. Importantly, to avoid leaching, FITC is covalently
attached to amino-modified polystyrene, which is incorporated
into nanoparticles upon precipitation. On the other hand, the
Pt(1I) porphyrin is sufficiently lipophilic to be retained by the
polymers.

A lysosome-targeting nanosensor for simultaneous fluoro-
metric ima§ing of intracellular pH values and temperature was
described,”* where three dyes are covalently immobilized in or
on 95 nm silica nanoparticles, one acting as a pH probe, one as a
temperature indicator, and the third dye (europium(III)
complex) as a reference dye. The dual nanosensor responds to
pH values in the range from 3.0 to 9.0, and to temperature in the
range from 20 to 60 °C. Owing to its good biocompatibility and
good sensitivity, the dual nanosensor has been used to monitor
changes in local pH values and temperature in the lysosome of
HeLa cells.

A dendrimeric nanosensor reported by Srikun et al.”%’
enabled simultaneous imaging of two parameters: pH and
hydrogen peroxide. The G5 PANAM dendrimer was function-
alized with the pH indicator SNARF2 and a nonfluorescent
boronate ether-modified xanthene dye which generates highly
emitting fluorescein upon reaction with hydrogen peroxide.
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Compensation for the pH effects on fluorescein is necessary and
detection of H,0, is not reversible. pH measurement also
provides important information on pH regulation in cells.

In some applications, it may be not necessary to combine both
probes in a single material. For instance, a luminescent pH probe
and a phosphorescent oxygen probe (both commercially
available from Luxcel Biosciences/Agilent) were simultaneously
used in microplate readers of various manufactures.”*> Measure-
ment of pH and oxygen along with a chemiluminescent ATP
assay and total protein measurement via absorption makes it
possible to assess bioenergetics of cells. Similarly, Ehgartner et
al.”*® performed simultaneous sensing of pH and oxygen in
microfluidic chips using a mixture of two types of nanoparticles
based on poly(styrene-block-vinylpyrrolidone), separately
doped with an oxygen indicator (in the hydrophobic core)
and a pH indicator (in the hydrophilic shell). Both probes are
excited with red light and read out using the mDLR method via
phase shift measurement at two modulation frequencies.

Also, a dual sensor was reported that uses 2 different
techniques to sense pH and oxygen. The oxygen concentration
is accessed via measurement of the phosphorescence decay time
of a metallobenzoporphyrin. The pH is measured via surface-
enhanced Raman spectroscopy of gold nanoparticles capped
with pH-sensitive 4-mercaptobenzoic acid. Microcapsules
containing the sensing chemistry for either pH or oxygen were
incorporated into a hydrogel. Although being complex, the
system proved the feasibility of multimodal optical sensing.

Wang et al.*” designed silica-coated polystyrene nano-
particles for simultaneous measurement of temperature, oxygen,
and pH. Fluorescein, CrBPh,, and 5,10,15,20-tetrakis-
(pentafluorophenyl) porphyrin or Nile red were used as pH-,
O,/T-indicator and reference dye, respectively. After amino-
modification of the silica coated polystyrene nanoparticles,
fluorescein was covalently coupled and used for ratiometric pH
measurement around its pK, of 6.5. The triple parameter
nanosensor covered the physiologically relevant parameter
ranges with a single excitation wavelength.

A referenced triple sensor for intracellular measurement of
temperature, pH, and oxygen concentration was presented by
the group of Wang.986 Bovine serum albumin (BSA) is selected
as the scaffold (support) to which four fluorophores were linked.
The following luminophores were used: (a) fluorescein as a
probe for pH values, (b) a platinum(II) porphyrin complex for
oxygen, (c) a europium(III) clathrate complex for temperature,
and (d) rhodamine B as a reference dye. The nanoparticles have
a size of 20 nm and show excellent biocompatibility and good
brightness. The nanosensors were used for ratiometric imaging
of intracellular pH values, oxygen, and temperature in HeLa
cells.

Optodes for simultaneous monitoring of pH and other
analytes are summarized in Table S14.

11. IMAGING OF pH VALUES

Imaging of pH values is exclusively performed by using optical
indicators and nanoprobes, most often via fluorometry.
Refractive index based methods and planar plasmon resonance
methods play no role, even though photonic crystals may serve
the purpose, but this was not shown so far. One may distinguish
between 2D imaging (which can be realized with planar optodes
in contact with a sample), and 3D imaging (where molecular
probes or nanoparticles are placed in a sample such as tumorous
tissue). One may also distinguish between conventional imaging
and imaging via fiber bundles. Planar optodes are used to

visualize pH distribution in fairly large objects (bacterial
cultures, Petri dishes, sediments, microbial mats, etc.; see Figure
39). Imaging with nanoprobes is the method of choice in case of
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Figure 39. Typical setup for imaging of pH distribution at a water—sand
interface with planar optodes.
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small objects (such as cells or microfluidic channels). One can
also distinguish between intensity-based and lifetime-based
imaging. Fluorescence lifetime imaging (FLIM) represents a
self-referenced technique, while fluorescence intensity has to be
referenced by other means such as ratiometry or DLR (see
sections 2.11 and 2.2.7).

Various reviews on imaging based on luminescent materials
are available.”®"*”*7%* Regarding pH sensing, there is a book
chapter with an extensive review on nanomaterials for
intracellular pH sensing and imaging.’ Methods for self-
referenced fluorometric imaging using camera read-outs and
the so-called RGB techniques have been described in detail.”*’

11.1. Intensity-Based Imaging

A t}:pical example is pH monitoring in isoelectric focus-
ing.4‘ 0,592,988 Bor referenced ratiometric read-out, intrinsic
properties of some indicators can be utilized. For instance, a
ratiometric planar optode reported by Hulth et al. utilized dual
excitation of HPTS (protonated and deprotonated forms)
immobilized on a cellulose acetate membrane.””> Zhu et al.””’
reported imaging of marine sediments with covalently
immobilized HPTS dye using excitation with two LEDs (420
and 505 nm) and detection with an RGB camera. Typically for
HPTS, the apparent pK, value of the indicator was heavily
affected by the ionic strength and far from being optimal for
measurements in seawater.

Fluorescence intensity can also be referenced against that of a
pH-insensitive reference luminophore (see section 10.1).
Dedicated solutions with movable filters are commercially
available. For example, Ocean Optics (https://oceanoptics.
com) offers a SpectroCam system including a camera in
combination with a rotating wheel equipped with 6—8 band-pass
filters. The camera system was demonstrated to be useful for
imaging of pH distribution in didemnid ascidian with help of a
ratiometric sensor material.”*” In a similar custom-made setup,
an RGB camera was used to image pH, pO,, and pCO,
distribution in marine sediments with help of three planar
optodes.””®

RGB cameras are widespread and affordable devices both in
industry and in consumer market. The camera filters
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Figure 40. Examples of pH imaging. (A) Spectral response different channels of a dual chip (RGB + NIR) camera. Reprinted from ref 973 with public
license. Published by The Royal Society of Chemistry. (B) Example of RGB pH imaging (pseudocolor) with a planar optode in marine sediment
containing a burrow. Reprinted with permission from ref 374. Copyright by the Association for the Sciences of Limnology and Oceanography, Inc.,
2011. (C) Imaging of a sensor array of immobilized pH indicators with a smartphone. Fluorescence images of the array at different pH values under UV
excitation (left) and screenshot of a software for image processing (right). Reprinted with permission from ref 135. Copyright 2017 American
Chemical Society. (D) Confocal fluorescence microscopy images (overlaid on bright field) of pH nanosensors in RBL mast cells showing (a) reference
dye channel, (b) sensor dye channel, (c) overlaid images, and (d) pseudocolor ratiometric imaging of pH in various intracellular compartments.
Reprinted with permission from ref 404. Copyright Wiley-VCH Verlag GmbH & Co., KGaA, Weinheim 2006.

corresponding to the blue, green, and red channels are attractive
for isolation of optical signals from the indicator and the
reference. For instance, if the excitation is performed with blue
light, the green and the red channels can be used for fluorescence
of the indicator and the reference, respectively, or vice versa. It is
important that one of the emitters possesses significantly larger
Stokes shift so that its emission is located in a different channel.
Cross-linked polymeric particles doped with a mixture of several
fluorophores efficiently increase apparent Stokes shift via FRET,
which is beneficial for their use as references.*”* It should be kept
in mind that the detection channels in the RGB cameras are
rather wide and show significant overlap (Figure 40A).

Planar optodes typically utilize visible light for excitation. In
contrast, Meier et al.”" utilized NIR light (980 nm) to excite a
planar optode based on upconversion NaYF,:Er**,Yb*" nano-
rods (see section 10.6 for more details). Under this excitation,
the nanorods emit strongly both in the green and red part of the
spectrum (4, = 540 and 660 nm). These emissions are rather
narrow (full widths of the emission bands 25—40 nm) and
almost perfectly match the color channels of the RGB camera.
Sensing relies on an inner-filter effect (see section 10.5) caused
by an organic pH indicator whose absorption overlaps the green
emission of the nanorods but shows no overlap with the red
emission.

RGB imaging of pH values becomes increasingly popular due
to the uncomplicated and low cost equipment required.’”
Several reported systems utilize a consumer camera, a high
power LED for excitation and a trigger to ensure illumination of

12428

the sensor foil only during the image acquisition time. Planar
optodes have been used for imaging of pH values in marine
sediments (Figure 40B),””"*"* seawater,”” wounded tissues,**!
and for visualization of bacterial metabolism in Petri
dishes."””*”" A commercial VisiSens system is available from
PreSens GmbH and includes an RGB camera and a set of planar
optodes (pH, oxygen, and carbon dioxide). Application of this
system for imaging of pH gradients (also pO, and pCO,
gradients) in rhizosphere was demonstrated.”””

The quality of smartphones cameras improves continuously
making them attractive for the RGB imaging of different
parameters, including pH. The light torch of a smartphone in
combination with a short-pass filter can serve as a suitable
excitation source, and the processing capabilities are good
enough to convert images into pH values. For instance, Chen
and co-workers reported simultaneous imaging of pH and
oxygen with a smartphone.””® The authors, however, used a UV
lamp as an excitation source to photoexcite (a) the reference dye
(4,4 -bis(2-benzoxazolyl)stilbene), (b) the pH indicator (fluo-
rescein), and (c) oxygen indicator (platinum(II) pentafluor-
ophenylporphyrin). They emit in the blue, green, and red
channels, respectively. Rurack and co-workers'>> made a step
further and presented a self-contained pH measurement system
on smartphone basis. A 16 spot array of 10 hydrogel-
immobilized fluorescent pH indicators and reference dyes was
not only imaged with a smartphone but also processed with a
specially designed software running on the same device (Figure
40C). All dyes are based on a BODIPY chromophore and,
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therefore, have almost identical excitation and emission spectra.
On the other hand, the indicators are decorated with different
receptors and show transitions in different pH ranges.
Impressively, the sensor array covers the entire pH range from
0 to 14. Although most of the experiments were performed with
the UV lamp as an excitation source, the authors also designed
an adaptor housing a 470 nm blue LED powered through the
smartphone’s micro-USB connector. This allows for autono-
mous on-site and in-field measurements.

The above examples demonstrate high potential of digital
cameras and smartphones for RGB imaging. However, three
channels may not be sufficient for some applications. For
instance, ratiometric imaging of more than one parameter would
require three suitable channels for signal detection. Although
UV excitation with detection in blue, green, and red channels is
possible in principle, it is often undesirable due to high
disturbance to biological systems and high levels of generated
autofluorescence, which would possibly interfere with ratio-
metric imaging. The commercially available RGB/NIR camera
Jai AD-130GE (www.jai.com) substantially increases the
flexibility in choice of pH indicators and reference dyes and
their combination with Erobes for other parameters (Figure
40A). Ehgartner et al.””’ used the camera for ratiometric
imaging of pH upon excitation with red light (617 nm) with help
of the pH indicator and the reference dye emitting in NIR and
red part of the spectrum, respectively. In the same work, a dual
sensor for pH and oxygen has been described. It utilized a
fluorescein-based pH indicator, Pt(II) benzoporphyrin as the
oxygen indicator, and dye-doped polymeric reference beads.
The materials emit in the green, NIR, and red channels,
respectively, under excitation with blue light (458 nm). Later,
MoRhammer et al.”>' used the same camera for simultaneous
imaging of pH and oxygen in algal biofilms albeit in combination
with different indicator and reference dyes (see section 10.7).

As can be seen from the examples described above, imaging
with the planar optodes has been mostly used to visualize pH
distribution in marine sediments, soils, tissues, wounds, etc.
Since light scattering strongly depends on the wavelength, the
effects caused by the sample can severely affect the ratiometric
intensity measurements particularly in case of highly scattering
sediments for which the optodes are often applied. Therefore, it
is essential to use an optical isolation layer. For better contrast
and higher fluorescent signals it is advisible to use an additional
layer containing scattering particles, such as TiO, or BaSO,, and
above it an optical isolation layer containing, for example, carbon
black (see section 9.3).

Similar to planar optodes, many nanosensors (section 8) are
designed to enable ratiometric imaging (Figure 40D).*** In
nanosensors, mostly fluorescent compounds are used as
reference dyes due to their high brightness, insensitivity to
oxygen, and high variety of commercially available derivatives
suitable for covalent coupling. The optical setup is significantly
different from that used for imaging of planar optodes: in most
cases, excitation is performed with a laser and emissions from the
indicator and the reference dye are collected by a photo-
multiplier.

Apart from imaging with fluorescent sensor films, imaging of
absorptiometric pH planar optodes with RGB cameras or a
scanner was also performed.”***** It was shown that the use of
the hue component in the HSV (hue, saturation, value) color
space not only reduces the parameter space from three
dimensions to one but also makes the read-out more robust
against variation in the ambient light conditions compared to the

RGB read-out. The hue value is particularly robust in respect to
variations in indicator concentration, membrane thickness,
spectral sensitivity of the detector, and illumination conditions
and can be easily obtained in a read-out with commercial devices
such as scanners and digital cameras.””*

Optical fiber imaging of pH values is less often used. They can
be prepared by using inkjet printing technology.””> Microjet
printing technology was applied for fabricating imaging sensors
by printing an array of photopolymerizable sensing elements,
containing a pH sensitive indicator, on the surface of an optical
fiber image guide. The reproducibility of the printing process is
said to be excellent for micrometer-sized polymers, with sensor
diameters of around 90 ym and a height of 35 ym. The sensors
were evaluated in terms of pH sensing ability, response time, and
hysteresis using a custom fluorescence imaging system.

Table S15 gives an overview of fluorescence intensity based
pH imaging using planar optodes.

11.2. Lifetime-Based Imaging

Luminescence lifetime imaging of pH using optical sensors
started with work by Liebsch et al.”* who presented a modular
system for time-resolved two-dimensional luminescence lifetime
imaging of planar optical pH sensors (and others). Both
luminescence intensity-based and time-resolved images of the
sensor spots were evaluated. The combination of optical sensor
technology with time-resolved imaging allows for the determi-
nation of the distribution of pH values in heterogeneous
systems. As discussed in section 10.2, lifetime sensing and
imaging is possible with relatively few pH probes only. So called
rapid lifetime determination (RLD) represents a simple
technique for determination of average decay times.””® It also
allows autofluorescence to be completely eliminated. The RLD
scheme is common for imaging of planar optodes based on
phosphorescent oxygen and temperature probes and of course
can be adapted for read-out of long decaying pH probes (section
4.2). It can also be applied to pH probes exploring FRET from
phosphorescent emitter to an absorptiometric pH indicator. For
instance, Nagl and co-workers”** reported imaging of pH in a
microchamber array with help of a FRET luminescent probe
(see section 10.4 for more details). The RLD method requires a
gated camera such as discontinued SensiCam from PCO (www.
pco.de). On the other hand, imaging of fluorescence lifetime can
also be performed in the frequency domain. Commercial
cameras support modulation frequencies from 5 kHz to 40 MHz
(pcoflim, www.pco.de). This enables imaging both in nano-
second and microsecond time domain. Accordingly, virtually all
lifetime-based pH probes (section 10.2) can be read-out with
the camera. Both micro- and microscopic pH imaging
capabilities of the system were recently demonstrated for the
lifetime sensor based on triangulenium indicator®** (see section
10.4 for more details), Figure 41A.

On a microscale, ratiometric 2—A read-out remains the most
popular method. Application of several lifetime nanoprobes for
intracellular pH imaging have been reported. Imaging experi-
ments are typically performed in the time domain using the
time-correlated single-photon counting (TCSPC) technique
and laser scanning microscopy. For instance, several groups
demonstrated application of quantum dots””**°" and dye-doped
polymeric nanoparticles*®” (see section 10.2 for more details)
for intracellular/in vivo imaging (Figure 41B).

Dual lifetime referencing (DLR, section 2.2.7) is equally
useful for interrogation of pH sensors in the frequency domain
and for imaging in the time domain. pH imaging with DLR
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Figure 41. Examples of lifetime-based pH imaging. (A) Frequency
domain FLIM imaging of pH with the planar optode via fluorescence
decay time of a triangulenium indicator PhOHCI,-DAOTA. Left:
photographic image of the microfluidic chip with integrated sensor foil.
Right: false color image of the pH distribution in the chip
simultaneously flushed with buffers of pH 6.5 and 5.0 (speed 21 uL
min~'). Reprinted with permission from ref 524. Copyright 2019
American Chemical Society. (B) Time domain FLIM images of
MC3T3-El cells incubated with nigericin and buffers mimicking the
extracellular medium at pH 4.87 (left) and 8.14 (right). The scale bars
(white lines) represent 10 ym. CdZnS quantum dots pH probes were
utilized. Reprinted with permission from ref 801. Copyright 2013
American Chemical Society. (C) False color images of pH distribution
acquired with time domain DLR technique for a marine sediment after
10 (left) and 40 (right) min light exposure (~450 gmol photons-m™
s7'). Reprinted with permission from ref 146. Copyright by the
Association for the Sciences of Limnology and Oceanography, Inc.,
2006.

sensors in the time domain was pioneered by Klimant and co-
workers”*'** and has been widely used since then (Table S16).
This includes imaging of pH distribution in marine sediments
(Figure 41C)""%"* and concrete s.amgles,997 monitoring of pH
dynamics during wound healing,4 S and imaging of pH
distribution in microfluidic chips as utilized for isoelectric
focusing.'** Although the read-out was performed exclusively
using a discontinued SensiCam from PCO, it is certainly
possible to interrogate the same materials with frequency
domain-based FLIM camera.

It should be considered that imaging of planar optodes that
utilize the DLR scheme (both in time and in frequency
domains) can be compromised by background fluorescence.
Optically dense isolation layer (see section 9.3) is not always
possible since the structures behind the optodes cannot be
visualized. The problem can be tackled via application of long-
wavelength emitters and applying semitransparent optical
isolation layer that includes scattering particles in comparably
low concentration.

Table S16 gives an overview of lifetime-based pH imaging
using planar optodes.

12. pH SENSORS FOR EXTREME PH VALUES

Sensors for extreme pH values are much less numerous
compared to those covering the physiological range. Never-
theless, such sensors have important applications, for instance
for monitoring of pH in gastric system, the pH value of concrete,
or during the production and processing of strong acids and
bases. Sensing in highly alkaline conditions is of primary interest
in many technological fields, for example, in paper industry,
wastewater treatment, leather processing, metal minin(% and
finishing, or microbial production involving alkaliphiles.5 * It is
also of utmost importance for corrosion prediction and
detection in steel-reinforced concrete structures, which lifetime
strongly depends on the internal pH.

The major challenge in the design is to identify indicator dyes,
polymers, and host materials that are stable under rather harsh
experimental conditions. Most of these sensors work either at
very high or at very low pH values as shown in the following
sections. Recently, however, Nawaz et al. have described a
sensor for determination of both extreme acidic and strongly
basic conditions.””® The sensor is based on the use of a cellulose
support that is known to resist both strong acids and strong
bases. A pH-responsive phenanthroline chromophore (Phen-
MDI) was immobilized to obtain a sensor material that allows
for visual determination of pH values. In the colorimetric
(visual) mode, it can readily discriminate pH values in the pH 11
to 14.0 and in the pH 0.0 to 2.0. In the fluorometric mode, it can
differentiate pH values between pH 11.0 and 13.2. Response can
be made more distinct by adding a pH-independent reference
dye. The material was used to fabricate a pH test strip. The
colorful response of the Phen-MDI based test strip is shown in
Figure 42.

12.1. Sensors for pH Values from 10 to 14

Optical sensors for high pH values are of interest because they
can be prepared at low costs from alkali-resistant materials, such
as cellulose and because electrodes, at high pH values, suffer
from interferences due to the so-called alkali error. Several
absorptiometric sensors have been reported. Werner and
Wolfbeis™* covalently immobilized an azo dye N8 1 (Figure
43) onto cellulose support prepared via partial hydrolysis of
cellulose acetate layer under alkaline conditions. The immobi-
lized dye showed absorption maxima at 484 and 560 nm in the
neutral and highly alkaline media, respectively, and a pK, of
11.72. Although the stability was excellent (6 months) for the
sensor stored in dry state between the measurements, some
delamination of the sensing layer based on cellulose from the
polyester support was observed after 7 h of continuous
measurement in 0.1 M NaOH.

Safavi and Abdollahi”® immobilized thiazole yellow 2 (Figure
43) onto the same support (hydrolyzed cellulose acetate).
Advantageously, the absorption bands of the neutral form and
the deprotonated forms (A,,,, = 423 and 512 nm, respectively)
show only minor overlap. The immobilized dye showed high pK,
of 12.5 and fully reversible response. Interestingly, the sensor
showed no cross-talk to Mg**, which is in contrast to behavior in
alkaline aqueous solution where the same dye forms a complex
with Mg?*. The same group’”’ immobilized a mixture of
triphenylmethane dye Victoria blue and dipicrylamine onto
cellulose support. The latter shows absorption change in highly
acidic media, while immobilized Victoria blue reversibly
responds in the range from 8.5 to 13.0 in decreasing the
absorption at 621 nm (pK, = 11.2).
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Thiazole yellow also was the indicator of choice in the sensors
reported by Allain and Xue.”®" The indicator was embedded into
a composite of Si0,/ZrO, and a polar polymer (Nafion,
poly(styrene-co-methyl methacrylate) or a mixture of both).
The indicator showed high pK, value in all the matrices (13.8—
14.1). All the sensors showed excellent stability in highly alkaline
solutions and tolerated 30 days of storage in 4 M NaOH. In
further work,”®* it was indicated that some of the materials
remain stable in highly alkaline conditions for up to 120 days
after which enhanced indicator leaching was observed. Drastic
differences in dynamic response and recovery times have been
observed for various sensing materials. The sensors based on
dye-doped SiO,/ZrO, films and those with additional poly-
(styrene-co-methyl methacrylate) showed the response times of
up to several hours. In contrast, the composite sensors based on
Si0,/ZrO, with addition of Nafion and on SiO,/ZrO, with
addition of both Nafion and poly(styrene-co-methyl methacry-
late) demonstrated response times of S—50 s, which makes these
materials particularly promising.

A benzo[de]anthracen-7-one indicator 3 (Figure 43),
noncovalently immobilized on viscose fabric, showed a distinct
color change from yellow (pH < 10) to orange-red (pH > 10.7)
with a response time of several minutes. Xu and Sadik'*%
described another colorimetric pH sensor based on the indicator
1-(2-pyridazolo)-2-naphthol 4 (Figure 43) immobilized in
polystyrene. The absorption of the dye (4, = 561 nm)
decreased by about 30% when the concentration of NaOH was
increased from 0.5 to 10 M. The optode showed high stability in
10 M NaOH (6 months) and reversible response, which was
surprisingly fast (several minutes) considering the thickness of
the sensing layer (~20 pum) and high hydrophobicity of
polystyrene.

Porpholactones § (Figure 43) are promising absorptiometric
indicators for sensing pH in alkaline conditions.”®" The sensing

999
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mechanism does not involve deprotonation of the pyrroles of the
porphyrin macrocycle but rather a nucleophilic attack of the
OH™ on the lactone moiety (Figure 43). In fact, both metal-free
porpholactone and Pt(II), Zn(II) and Ga(III) complexes show
almost identical spectral changes:‘“l’332 the Q-band in the red
part of the spectrum (~600 nm) disappears and a new broad
band at around ~700 nm appears in alkaline media. The pH
optodes manufactured via immobilization of the metal-free/
Pt(1I) porpholactones into copolymers of methyl methacrylate,
methylenebis-acrylamide and methacrylamidopropyl trimethy-
lammonium chloride have slow response (30—90 min) due to
low ion permeability of the polymer.””" In further work, the
same group modified the porpholactones with 4 PEG groups via
nucleophilic substitution of the para-fluorine atom of the
pentafluorophenyl substituents (6, Figure 43).*** The Ga(III)
complex showed a strong decrease of the absorption of the Soret
and Q-bands (417 and 60S nm, respectively) and a new band at
706 nm appeared. The complex has a pK, of 11.8.

Fluorescent indicators based on phenol PET groups (photo-
induced electron transfer, sections 2.2.5 and 4.1) are good
candidates for sensing of very high pH values. The pK, value of
phenol, which is a viable PET quencher in its deprotonated
form, is 10.0.'%°" Gareis et al.*”” reported application of phenol-
bearing BODIPY dyes 7 and 9 (Figure 43). When immobilized
in a hydrogel, the dyes showed pK, values of 10.4 and 10.8,
respectively. Similar systems based on dye dyes 8°* and 10'**
(Figure 43) were reported. The methyl groups in the 1 and 7
positions of the BODIPY are important to ensure high
fluorescence quantum yields of the indicators, and they also
have an effect on the pK, values. Interestingly, a significant
increase of the apparent pK, was observed after immobilization
of dye 8 into the polymer (11.44 and 9.98 for the polymer-
supported dye and dye in EtOH—H,O solution, respectively).
This is in contrast to the work of Gareis et al.*”*> who did not
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Figure 43. Chemical structures of the indicators used for sensing of high pH. Upper and lower panels: Absorptiometric and fluorescent indicators,
respectively. Note that the structure of indicator 1 is not disclosed; one of the R groups is a hydroxy group responsible for the pH sensitivity.

observe any significant change upon immobilization of the dye
10 (pK; 12.83 and 13.1 for the dye in hydrogel and EtOH—H,O
solution, respectively).

A phenol receptor attached to the aza-BODIPY chromophore
11 (Figure 43) has a pK, of 11.9 when immobilized in
hydrogel.>® This is higher compared to EtOH:H,O buffer
solution (11.1). Aza-BODIPY indicators 12 and 13 (Figure 43)
have pK;, of 10.8 and 11.7, respectively.”'® A sensor based on dye
12 was recently shown to be very useful for imaging of pH
distribution in concrete.””

Among fluorescent indicators, 7-extended imidazole-substi-
tuted perylenes 14 and 15 (Figure 43) represent another
promising group of indicators for sensing high pH values. These
dyes are equally useful as absorptiometric and fluorescent
indicators showing strong change in absorption and emission
spectra upon deprotonation of the imidazole group. The
apparent pK, values obtained from the absorption spectra
(11.36—11.45) are higher than those obtained in fluorometry
(10.15—10.56), which is attributed to FRET from the
protonated to the deprotonated form of the dye. Molar
absorption coefficients and quantum yields for both perylene
dyes are very high (>75000 M~ cm™ and >85%, respectively).

Fluorescent coumarin indicator 16 (Figure 43) was covalently
embedded into highly cross-linked microparticles prepared from
1,4-bis(acryloyl)piperazine and methacrylic acid.'’”* The
particles positioned between a quartz disc and a porous nylon
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membrane were read-out with a fiber-optic fluorometer. A
moderate (~40%) quenching of the fluorescence of the
indicator was observed upon pH decrease from 9 to 13.2 (pK;
11.9) attributed to PET from the neutral imidazole receptor.
The material showed excellent photostability and virtually no
change in the calibration within 20 months of storage in the dry
condition and repeated short-term measurements. Dye leaching
was observed at pH > 13.2, which may be due to hydrolysis of
the polymer. It should be mentioned that the dynamic response
was very slow (s = SO min) which, however, may not be
problematic for the intended application (monitoring of pH in
the concrete structures).

Derinkuyu et al.>”’ manufactured a high pH sensor via
immobilization of the Schiff base 17 (Figure 43) into poly(vinyl
chloride). The dye shows fairly strong orange fluorescence (Aqy
= 593 nm, QY = 0.37) in the protonated form (pH < 8) which is
almost completely quenched in alkaline media (pK, = 10.3).
Because of the low permeability of the polymeric matrix to ions,
fairly long response and recovery times (up to 13 min) were
observed even for rather thin sensing films (S ym).

It can be concluded that sensing of high pH values is
undoubtedly challenging since preparing an indicator with
suitable spectral properties and pK, value is only one side of the
medal. Stability of the indicator and the matrix at the extreme
conditions represents the main challenge particularly for long-
term applications, such as pH monitoring in concrete. For
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Figure 44. Chemical structures of the indicators used for sensing of low pH. For the structures of other indicators used in sensing of low pH the reader
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instance, polyacrylate polymers and silica-based matrices tend to
degrade in basic media due to hydrolysis of the ester bond,
whereas polyacrylamide polymers are more stable. However,
even these polymers can be cleaved in very basic conditions. On
the other hand, the sensors based on Nafion*** and $iO,/ZrO,
composites”®" appear to be stable in highly alkaline conditions.
One should also keep in mind that the degradation of the
optodes is accelerated at higher temperatures.

Table S17 summarizes the composition and properties of
optical pH sensors for measurements in highly alkaline
conditions.

12.2. Sensors for pH Values below 3

Carey et al.”” investigated the ability of several polymer-
immobilized absorptiometric indicators to sense nitric acid from 1
M and stronger. The triphenylmethane dye chromazurol-S 1
(Figure 44) showed ratiometric response from 2 to 10 M nitric
acid when immobilized into a mixture of polybenzimidazole and
polyimide. Noire et al.>** reported an evanescent wave sensor
based on a similar dye chromoxane cyanine R 2 (Figure 44)
embedded into TEOS sol—gel. It showed reversible response
(absorbance at 542 nm) to 1—8 M solutions of nitric acid but,
unfortunately, also a decrease of absorption by about 45% after
40 days of continuous measurement (1 M HNO;) probably due
to leaching of the dye.

Baldini et al.”' immobilized thymol blue (section 3) on
controlled pore glass particles and recorded the changes in
reflectance of the probe placed on a distal end of an optical fiber.
The absorption of the indicator (4, = 565 nm) decreased
almost to 0 from pH 0.91 to 4.90. Immobilized in a TEOS-based

sol—gel, bromocresol purple was used for high acidity
measurement (1—10 M HCI, pK, = —0.77).*" The sensor
response was very fast (<1 s for 2.7 ym thick films), and only a
little leaching was observed (4% in 12 weeks). In later
work,”****? the same group investigated the performance of
this and other materials in mixtures of strong acids and metal
salts. They, then, proposed an algorithm for compensation of
variations in ionic strength.

Wang et al.'>”* showed that the pH optode based on phenol
red embedded into a TEOS-PhTriEOS sol—gel was suitable for
sensing in highly acidic solutions (apparent pK, of 0.2). The
material shows an increase of the absorption at 510 nm upon
protonation. The same material was previously used for sensing
in slightly basic conditions**" utilizing the second deprotonation
step of the indicator (c.f, Figure 17). The combined use of
indicators rhodamine B and Safranine T entrapped in porous
silica glass films prepared by the sol—gel method resulted in
sensors for high-acidity ([H'] = 1—9 M) measurements.'***

Congo red 3 (Figure 44) was covalently immobilized on an
epoxy-activated agarose membrane.”'* The absorption band at
600 nm observed in highly acidic conditions (pH 0.5),
disappeared as the pH was increased to 6 giving rise to a new
band peaking at 500 nm. The immobilized indicator showed a
pK, value of 2.8 and the response of the sensor was fully
reversible. Using a similar strategy, Salmani et al.*"® immobilized
Congo red on an epoxy-activated cellulose membrane achieving
a dynamic range from pH 0 to pH 4.

Dipicrylamine (2,4,6,2',4',6'-hexanitrodiphenylamine) can
be easily covalently immobilized on triacetylcellulose films.***
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The membranes can be used for reversible pH measurement in
the range of 0.0—3.2 at 450 nm. The sensor is interfered by
potassium ion, and bleaching and low sensitivity are main
problems in highly acidic media (>1 M of strong acid).

Protonation of pyrrole nitrogens of metal-free porphyrins in
acid conditions is well-known. Protoporphyrin IX 4 (Figure 44)
was immobilized into cross-linked polyacrylamide gel.”*” The
absorption of the Soret band of the porphyrin (4., = 410 nm) is
the highest in highly acidic conditions (pH = —0.5) but
decreases by more than 10-fold on going to pH 1. The response
of the evanescent wave sensor was fast (f,, = 10 s) because of the
thin layer thicknesses (1 #m) and high proton permeability of
the polymer. The sensor showed no significant change in the
properties after 100 assays and after storage in a dry state over 6
months.

Fluorescent sensors for strongly acidic media have also been
reported. Posch et al.*’ immobilized fluorescein and eosin into
different polymers including amino-ethyl cellulose and amino-
modified controlled porous glass. Immobilized onto amino-
ethyl cellulose, eosin, and fluorescein covered the pH range from
0 to 3 and from 2 to 6, respectively. Tetrafluorofluorescein was
applied in a nanosensor based on cross-linked poly(acrylamide).
The nanosensors show an apparent pK, of around 3./ A
coumarin indicator § (Figure 44) showed almost no
fluorescence in the neutral form, whereas fluorescence intensity
increased strongly in highly acidic media.*’® Compared to the
EtOH/H,O buffer, the pK, value slightly increased upon
immobilization onto amino-modified cellulose (pK;, of 2.8 and
3.36, respectively). Nevertheless, the immobilized indicator
showed rather broad fluorescence dynamics (pH 1-7).

Kim and Kim*’ prepared pH sensors by covalently
immobilizing a dicyanomethylene-4H-pyran dye 6 (Figure 44)
into cross-linked pHEMA hydrogels. The neutral form of the
dye (pH 3) in the optode features the absorption maximum at
438 nm and emission maximum at 520 nm. Upon protonation of
the aniline nitrogen in highly acidic media (pH < 0), the
absorption shifts to 370 nm, whereas the fluorescence is
completely quenched. The sensor shows reversible response and
good stability without significant leaching.

A fluorescent sensor based on pHEMA hydrogel with
copolymerized conjugate of rhodamine and 4-amino-1,8-
naphthaliimide 7 (Figure 44) was reported.*”> At pH > 3, the
rhodamine dye is present in the colorless spirolactam form,
which efliciently quenches the fluorescence of the naphthali-
mide dye. Opening of the spirolactam ring in the strongly acidic
conditions results in a strong enhancement of naphthalimide
fluorescence. Such enhancement is rather surprising, since the
emission spectrum of the naphthalimide (4,,,, = 520 nm) shows
very good overlap with the absorption of the open form of the
rhodamine (4,,,, = 567 nm and a shoulder at ~520 nm) so that
strong FRET from naphthalimide to rhodamine could be
expected.

N,N-dialkylaminophenyl receptors are excellent candidates for
designing fluorescent indicators for acidic range. The dyes
equipped with such receptors typically are not fluorescent in
moderately acidic media due to PET effect (see section 4.1 for
more details) but the fluorescence is “switched on” upon
protonation of the aniline in highly acidic conditions.
Particularly, Hiruta et al.°”’ immobilized a BODIPY dye
equipped with a N,N-dimethylaminophenyl receptor 8 (Figure
44) into mesoporous silica to obtain a sensor operating from pH
0.5 to 4. A far-red aza-BODIPY chromophore was equipped with
the same group thus rendering the dye 10 (Figure 44) sensitive

to variation of pH in acidic media (pK; of 2.6 for the dye
immobilized into polyurethane hydrogel D4).°% A perylene dye
modified with dimethylaniline in the imide position 9 (Figure
44) shows favorable spectral properties (4,,,, ex/em, 520/559
nm), adequate molar absorption coefficient (45000 M~'cm™")
and hi%h fluorescence quantum yield in the protonated form
(0.81).”** The fluorescence of the neutral form is completely
quenched due to very efficient PET. It has an apparent pK, of 1.1
when embedded into polyurethane hydrogel D4 and 1.9 when
immobilized into poly(hydroxypropyl methacrylate).

4-Amino-1,8-naphthalimide was modified with an aromatic
dialkylamino receptor 11 (Figure 44)."°° The pH optode was
prepared via covalent immobilization of the dye onto amino-
modified cellulose beads. The beads were incorporated into
polyurethane hydrogel D4 and showed a pK; value of 3.1.
Rurack and co-workers'*” attached various aminophenyl
receptors (4-bis(2-methoxyethyl)aminophenyl, aniline, N,N-
diethylaminophenyl, N,N-diisopropylaminophenyl) to the
BODIPY chromophore (12, 13, Figure 44) to obtain sensors
for acidic range. The dye substituted with the 4-bis(2-
methoxyethyl)aminophenyl receptor showed the lowest pK,
value (0.95). The authors also demonstrated that 2,6-
dimethylpyridin-4-yl (14, Figure 44) represents another
promising PET receptor for sensing pH in acidic range (pK,
of 2.34 for the hydrogel-immobilized dye).

Conjugated polymers (poly(phenylquinoline), poly-
(biphenylquinoline) (1S5, Figure 44), or poly-
(phenylquinoxaline)) coated onto the tip of an optical fiber
showed response (decrease or increase of the fluorescence
intensity) in strongly acidic conditions (0.1—8.4 M HNO;).”'

Table S18 summarizes the composition and properties of
optical pH sensors for measurements in highly acidic conditions.

13. pH SENSORS WITH WIDE DYNAMIC RANGE

The dynamic range of pH optodes is much narrower than that of
the glass electrode and of pH ion sensitive field effect transistors.
Most of the signal change occurs within 2 pH units, which,
however, is usually sufficient for the majority of applications. On
the other hand, in some applications the pH may show more
significant variations making the conventional pH optodes
unsuitable. Additionally, one may wish a more universal
analytical tool on the basis of optical measurements, which is
able to access the pH in a variety of different samples thus
reducing the cost of the setup (multiple sensors) and
maintenance (exchanging and calibrating the sensors). There-
fore, significant effort has been focused on designing a pH
optode covering a comparably wide dynamic range.

Four fundamental methods do exist to enlarge the analytical
range of optical pH sensors. The first method is making use of
indicators with more than one pK, value, for example dyes that
have two or more hydroxy groups or have both an acidic group
(e.g., a phenol) and basic functions such as pyridine or tertiary
amino groups.”® The second method is making use of the fact
that fluorescent indicators have strongly different pK, values in
the electronic ground state and in the first excited singlet state
(e.g, HPTS).®" The third method utilizes the effects of the
immobilization matrix on pK, values; by placing the same
chromophore in quite different microenvironments, indicators
with statistically distributed pK;, values are obtained. Finally, the
most common approach is to mix several dyes with different pK,
values.

The indicators of the first and the second type are rather rare.
Several dye classes feature multiple protonation equilibria (e.g.,
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Figure 45. (A) Chemical structure and acid—base equilibria of the corrole indicator. (B) Response of the pH optode based on sol—gel immobilized
corrole. a = (F — F,)/(F, — F,), where F, F,, and F, are, respectively, the fluorescence intensities at a given pH, in the completely deprotonated form
(pH 11) and in the completely protonated form (pH 1). Reprinted with permission of The Royal Society of Chemistry from ref 1005. Copyright The
Royal Society of Chemistry 2006. (C) Extended range pH optode utilizing surface curvative of mesoporous silica nanoparticles (MSN) creating
different density of positively charged groups originating from aminopropyltrimethoxysilane (AMPMS). Reprinted with permission of The Royal
Society of Chemistry from ref 755. Copyright The Royal Society of Chemistry 2013. (D) pH response of mesoporous silica nanoparticles (MSN) and
hollow mesoporous silica nanoparticles (HMS) stained with fluorescein and rhodamine dyes. Reprinted with permission of The Royal Society of

Chemistry from ref 755. Copyright The Royal Society of Chemistry 2013.

triphenylmethane dyes) and may potentially be used for wide
dynamic range sensors. Wolfbeis and Marhold in 1987 designed
coumarin probes with both a protonable site (pyridine) and a
deprotonable site (a phenolic hydroxy group). This results in a
dynamic range from pH 2 to 8.

Uniform response over a wide pH range is rare and a typical
response curve is represented by a combination of two
sigmoidals,”" thus making multipoint calibration necessary.
The unimolecular indicator 10-(4-aminophenyl)-5,15-dimesi-
tylcorrole (Figure 45A)'°” immobilized into a sol—gel is a
notable exception. It shows multiple protonation steps:
deprotonation of a pyrrole nitrogen in basic conditions,
protonation of a pyrrole nitrogen in acidic conditions, and
finally protonation of aniline in the strongly acidic media. This is
accompanied by the change in the absorption spectrum
characterized by the Soret band (380—450 nm) and the Q-
bands (500—700 nm). The fluorescence intensity (4,,,, = 656
nm) increased almost linearly in the pH range 2—10
demonstrating a fully reversible response (Figure 45B). It
should be noted, however, that the fluorescence response
reflects the pH dependency of both the fluorescence QY and the
absorption spectra (resulting in different amount of absorbed

light) so that the response curve is likely to be different in shape
if the excitation is performed at a different wavelength compared
to the experimental conditions (507 nm).

Another way to extend the dynamic range of pH sensors is to
utilize the effects of the immobilization matrix on the acid—base
equilibrium. These effects are particularly strong for charged
matrices so that the dynamic range of a conventional pH
indicator can be significantly extended.”*>'°® For instance,
deprotonation of a fluorescein dye is facilitated in the proximity
of positively charged groups (e.g., —NR,H"). This results in the
decrease of the apparent pK, value. Evidently, if the indicator is
located in many different environments varying in the amount of
charged groups, an extended dynamic range is possible. An
interesting concept was reported by Mou and co-workers who
made use of different surface curvature of hollow mesoporous
silica nanoparticles.”**'°° Both fluorescein and rhodamine (as a
reference dye) were covalently immobilized into the beads. The
excess of the latter rendered the surface positively charged in
acidic conditions. Different surface curvature in hollow
mesoporous nanoparticles (HMS) efficiently extends the
dynamic range of the sensor compared to the reference
nanoparticles (MSN) (Figure 45C and D). A different
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Figure 46. (A) Response of the sensor based on a mixture of 6 4-amino-1,8-naphthalimide pH indicators immobilized onto aminocellulose particles,
which were dispersed in polyurethane hydrogel. Adapted with permission from ref 466. Copyright 2015 American Chemical Society. (B) Response of a
pH sensor based on a mixture of 4 aza-BODIPY indicators immobilized into polyurethane hydrogel. Adapted from ref 505 with public license.
Published by The Royal Society of Chemistry. (C) Response of the nanosensors containing covalently embedded individual indicators (fluorescein FS,
Oregon green OG) and their mixture (OG-FS) along with rhodamine reference dye. Adapted with permission from ref 764. Copyright 2011 American
Chemical Society. (D) Comparison of pH values obtained with the smartphone photographing the fluorescence of a sensor strip (array of 10 BODIPY
indicators) and a conventional pH glass electrode. Adapted with permission from ref 13S. Copyright 2017 American Chemical Society.

explanation was proposed for acridine immobilized in amine-
modified porous silica.'®”” The immobilization matrix itself is
subject to protonation equilibria which affects the pK; of the
indicator due to variable microenvironment. For acridine, this
result in a lifetime change of 20 ns over the pH range of 2—12. It
should be noted here that ionic strength is expected to strongly
affect the response of the sensors utilizing charged surfaces,
which is a limitation of the approach. Although the effect of ionic
strength has not been investigated in the above studies, the
material utilizing a similar approach (gold nanoparticles of
different sizes modified with carboxylic groups) was demon-
strated to have a very high cross-sensitivity to ionic strength.'***

The design of wide dynamic range sensors via combination of
several indicators with different pK, values remains the most
common approach.”®” Ideally, the indicators should possess very
similar spectral properties and comparable photostability and
should not leach out of the matrix. Simulations demonstrate™>’
that if the difference between the pK, values is too high (>2)
even the central part of the calibration curve will not be linear.
This is inconvenient in practice since multipoint (re)calibration
will be necessary. On the other hand, if the pK, values differ by
only 1, the mixture of the indicators will show sigmoidal
response but the broadening of the dynamic range is not very
significant. Therefore, the pK, difference of 1.5 between the
individual indicators is optimal. This requirement is difficult to
achieve in practice. Additionally, the individual indicators may

12436

differ in their spectral properties and in the signal difference
between the protonated and deprotonated forms. Hence, an
adjustment of the concentration of individual indicators is
necessary. Experiments with the mixture of absorptiometric
indicators in aqueous media demonstrate excellent correlation
with the calculated calibration curves.”>”'°*® For instance, a
linear response from pH 4.3 to 8.8 could be obtained by mixing
bromocresol green, bromocresol purple, phenol red, and thymol
blue (pK, of 4.59, 6.13, 7.78, and 8.88, respectively).'’”” A
similar absorptiometric sensor was reported by Gupta and
Sharma,”®' who coated an optical fiber with a thin sol—gel layer
containing a mixture of cresol red, bromophenol blue, and
chlorophenol red (pK, in water 8.3, 7.4, and 6.3, respectively).
Transmittance, measured at 600 nm (which is the optimal
wavelength for the mixture of the dyes), decreased almost
linearly from pH 5.5 to 13. However, low hydrolytic stability of
sol—gels in alkaline conditions may be problematic. Later, Dong
et al.”®® reproduced the same system but added Triton
surfactant (~1% wt.) to TEOS. Such a modification resulted
in a very smooth sol—gel coating on the optical fiber without
cracking defects observed for the material containing no Triton.
The authors noticed the reduced hysteresis and also better
repeatability of the response. The dynamic range of the sensor
(4—13) was not affected by the modification. It should be
mentioned here that many pH indicators show wider dynamic
range when immobilized in sol—gels. For instance, pH sensitivity
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of methyl red immobilized in TMOS-based sol—gel was shown
tog span over 7 pH units with linear range from about pH S to
8.

In another work,*>®* a mixture of neutral red and thionine was
covalently immobilized onto the epoxy-modified surface of
agarose-coated glass slide. The sensor showed a nonlinear
decrease of absorption at 555 nm in the pH range 0.5 to 12.
Interestingly, immobilized neutral red alone already shows a pH
response over a very broad range (0.5—7.5). The optode
featured good reversibility of the signal and operational stability.
However, the immobilization drastically affected the spectral
properties and the pH response of the dyes, so that overall
absorption decreased only 15% relative to the highest value (pH
0.5).

Six hydroxyazobenzene indicators were prepared and
immobilized on cellulose triacetate’”* to obtain pH optical
sensors with distinct color changes in the visible. These have a
linear response in the 7.0 to 11.5 pH range, response times of less
than 20 s, and excellent long-term stability.

Several fluorescent sensors with extended dynamic range have
been presented. Posch et al.* immobilized fluorescein and eosin
onto amino ethyl cellulose fibrous particles. The pK, values of
the immobilized dyes were about 5.2 and 1.1, respectively. The
beads were mixed in different proportions and fixed on a
polyester support to result in broad range sensors covering the
pH range between 0 and 7 that is typical for gastric juice.
Vasylevska et al.**® reported a pH sensor containing 2 types of
microbeads with immobilized iminocoumarin indicators. The
sensor membrane showed fluorescence response from pH 1 to
11 but represented a combination of two sigmoidal curves due to
very large difference between the pK, values of the indicators
(3.36 and 8.42, respectively). Aigner et al.'** extended the
dynamic range via combination of two perylene indicators
immobilized in hydrogel D4. The fluorescent response was
sigmoidal due to rather low difference of the pK, values of the
indicators (5.2 and 6.5).

Suzuki and co-workers”*® prepared a wide range sensor via
combination of colorimetric indicators neutral red and methyl
yellow with two types of fluorescent quantum dots (A, = 525
and 605 nm, respectively). The sensor operated via the inner-
filter effect read-out (see section 2.2.4 for more details) and
showed ratiometric response, which was linear in the pH range
from 4 to 10.

Combination of more than 2 indicators makes it possible to
obtain a smooth response curve over a broad range of pH values.
Ideally, all the indicators possess very similar photophysical
properties i.e. belong to the same chromophore class. He et al.**®
used mixtures of 2—6 individual indicators based on a single
fluorophore 4-amino-1,8-naphthalimide (see section 4.1 for
more details) to obtain pH sensors with wide dynamic range. All
the indicators possess similar absorption and emission maxima
and photostability, but largely different pK, values. Carboxylic
group enabled covalent binding of the dyes onto aminocellulose
microbeads. These were dispersed in a polyurethane hydrogel.
Not surprisingly, blending particles doped with different
indicators resulted in extension of the dynamic range of the
pH sensor reaching maximum when 6 different indicator dyes
were used. This sensor was suitable for measurement in the pH
range 1—14 showing almost linear decrease of fluorescence
intensity (Figure 46A). The extension of the dynamic range was
accompanied by the decrease of the resolution. In fact, the slope
of the curve decreased from 0.56% signal change/0.01 pH unit
for 1 indicator to 0.16%/0.01 pH unit for the mixture of 6 beads.

It is important that all the individual indicators possess very
similar (and good) photostability, and show only minor cross-
sensitivity to ionic strength, which can be compensated for. The
reversibility of the sensor was excellent without a noticeable drift
observed upon multiple cycles of switching between pH 1.1 and
14.0 and back. This underlines high hydrolytic stability of the
immobilized indicators, aminocellulose, and polyurethane
hydrogel used in the sensor.

A wide range sensor presented by Strobl and co-workers**®
makes use of 4 fluorescent aza-BODIPY indicators (see section
4.1 for more details) immobilized into hydrogel D4. The sensor
shows sigmoidal response curve in the pH range of 2—10 (Figure
46B). The aza-BODIPY indicators are advantageous for their
long wavelengths of absorption and emission, good fluorescence
brightness and excellent photostability, which is particularly
important for the application of the dyes in the wide dynamic
range sensor.

Franker et al.”'” also used a palette of diazaoxatriangulenium
dyes substituted with different aniline or phenol PET receptors.
A mixture of four indicators immobilized in a sol—gel matrix
resulted in a sensor with a pH range from 1-10.

Nanosensors (see section 8 for more details) with broader
dynamic range are also of high interest for instance for imaging
of pH in endosomal—lysosomal system. Since the pH varies
from 6.0 to 6.5 in endosomes to 4.0 in lysosomes it is almost
impossible to maintain adequate resolution in such a range with
a single indicator probe. Therefore, probes containing
two °79%7% or even three’®” xanthene-based indicators have
been reported. Aylott and co-workers’®' embedded dextran
conjugates of fluorescein isothiocyanate, 5(6)-carboxy-2',7’-
difluoro-fluorescein (Oregon green) and a reference fluoro-
phore 5-(and-6)-carboxytetramethylrhodamine into poly-
(acrylamide) nanoparticles. Andresen and co-workers’®*
covalently immobilized Oregon green and fluorescein into
cross-linked poly(acrylamide-co-N(3-aminopropyl)-
methacrylamide) nanoparticles. Immobilization of two dyes
with substantially different pK, values (4.7 and 6.4 for Oregon
green and fluorescein, respectively) resulted in doubling of the
dynamic range of the nanosensor (Figure 46C).”*"’** In further
work, Zhang et al.’®” added 5(6)-carboxy-2',4,5',7'-tetrafluor-
oluorescein (pK; = 3.0) to Oregon green and fluorescein, which
resulted in expansion of the dynamic range to 1.4—7.0. All dyes
were covalently immobilized into the nanoparticle along with a
reference dye (red-emitting Alexa 568). Since the photostability
of xanthene dyes is known to significantly improve with
introduction of electron-withdrawing halogen atoms, the
nanosensor is likely to show drift in the calibration curve due
to photobleaching of less photostable fluorescein. Nevertheless,
such nanosensors allow reliable pH monitoring in endosomal—
lysosomal system, whereas nanosensors based on a single pH
probe provide erroneous results.”** A recently reported
nanosensor (metal—organic framework incorporating a mixture
of porphyrin and rhodamine)®** shows reversible dual response
in acidic media (pH 2—7, sensitivity due to rhodamine) and
basic media (pH 9.5—11.5, sensitivity due to porphyrin) but
almost no sensitivity between pH 7 and 9.5.

Array approaches were described,”>**>*%* where many
individual sensors based on pH indicators covering broad
range of pK, values are combined in an array which is read-out
with help of an RGB camera or scanner.”***>*%* For instance,
Capitan-Vallvey and co-workers****** combined 11 individual
absorptiometric pH sensors embedded in plasticized poly(vinyl
chloride) or cellulose acetate with addition of a lipophilic salt
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such as tridodecylmethylammonium chloride. Fairly good
prediction of pH in the range from 0 to 14 was achieved using
hue values obtained from imaging of the sensor array with a
calibrated scanner. The use of HSV (hue, saturation, value)
color space compared to the RGB technique reduces the
parameter space from three dimensions to one. It also makes the
read-out more robust against variation in the ambient light
conditions. The use of neural networks™*® improves the quality
of the prediction and reduces the requirements on computer
memory and processor speed. The application of artificial neural
networks can help to extend the dynamic range of sensors based
on a single indicator.®®

Rurack and co-workers'*® recently presented an array
containing 10 structurally similar fluorescent pH indicators
bearing different receptors. The apparent pK, values of the
immobilized indicators vary from 0.5 to 12.8, resulting in the
array covering impressive pH range from 0 to 14 (Figure 46D).

The materials described above make use of either
absorptiometric or fluorescent pH indicators. Only a few
reported optical sensors utilize alternative concepts. Particularly,
Pathak and Singh'*"® presented a fiber-optic sensor in which a
small part of the waveguide was removed and substituted with a
cross-linked poly(acrylamide) hydrogel. pH sensitive swelling/
shrinking of hydrogel results in the change of the refractive index
which enables measurements between pH 3 and 10 (see section
2.3). In other work of the group, the cladding of the fiber was
removed to be modified with a combination of ZnO nanorods
and poly(acrylamide) hydrogel.'”"" The sensor showed
response between pH 3 and 11. These sensors operate reversibly
and show very little hysteresis. However, no study of potential
interferences has been conducted which may be particularly
strong in case of temperature and ionic strength.

An uncommon optical fiber pH sensor with wide analytical
range was described by Khan et al.'’'* It is based on an optical
fiber pulse width modulation (PWM) technique. The sensing
signal’s pulse width changes when the unclad sensing element of
the fiber comes into contact with buffers of varying pH values.
The unclad sensing elements of the array were coated with
indicators (methyl red, methyl orange, thymol blue, Nile red,
and rhodamine B) that are said to change their refractive index
(RI) when contacted with the buffer solution. As a result, the
pulse width of the sensing signal also changes. The sensor has a
linear response over a wide range of pH values (from 2 to 12).
However, such sensors are of quite limited practicability because
any other species being present in the sample that would also
affect RI and interfere. A more practical optical fiber wide-range
pH sensor was obtained by doping a titania sol—gel with organic
dyes.””* The sensing films were obtained from a precursor
solution composed of titanium tetraisopropyl orthosilicate and
the dyes brilliant green, rhodamine 6G, rhodamine B, and
coumarin. Titania was used because it is more chemically
resistant and has a longer lifetime than silica films. The analytical
range of the sensor extends from pH 2—12.

The composition and properties of wide dynamic range pH
sensors are summarized in Table S19.

14. SENSING FORMATS

14.1. Planar Sensors

Planar optodes (Figure 47A) belong to the most common
sensor formats. They represent a sensing layer coated on a
transparent support (plastic or glass, see section 9 for more
details) and optionally additional layers such as scattering and/

Sensor
spot

Metal
sleeve

\ Fiber

Figure 47. Examples of the planar optodes and fiber-optic sensors. (A)
Preparation of a planar optode by knife-coating of a sensor “cocktail”
(indicator, polymer, organic solvents, and optionally some additives)
onto a transparent poly(ethylene terephthalate) support. (B) Planar
sensor spot glued to the inner wall of a transparent glass vial. (C) Fiber-
optic sensor manufactured by fixing a planar sensor spot of a small
diameter (2 mm) onto a distal end of a plastic optical fiber. (D)
Example of a flat-broken fiber-optic pH microsensor for simultaneous
measurement of pH and pO,. The blue color of a 470 nm LED (used for
the excitation), as well as red luminescence from the indicators is visible.
Reprinted with permission from ref 381. Copyright 2007 American
Chemical Society. (E) Example of a tapered fiber-optic sensor.

or optical isolation layer (section 9). Planar optodes can be
manufactured by different methods, preferably by knife coating
(Figure 47A), dip-coating, spin coating, spray coating, screen
and inject printing. In all these methods, a sensor “cocktail”
containing an indicator dye, polymer (or sol—gel), and a solvent
is deposited onto the support to give a sensor layer after solvent
evaporation. Additional steps (e.g., curing under UV light) may
be necessary. The thickness of the sensing layer can be easily
adjusted in some methods, for example, by varying viscosity of
the “cocktail”, the thickness of the spacer in knife-coating or
rotation speed in spin coating. In case of transparent layers, the
thickness can be estimated via measurement of the absorbance
of the foil assuming that the molar absorption coefficients are
not affected by immobilization. Fluorescent pH sensor foils are
commercially available.

Planar optodes are well suitable for characterization of the
sensing materials even if they later may be used in other formats,
such as in fiber optic sensors. Parameters include absorption and
emission spectra, luminescence quantum yields, decay times,
leaching, and response and recovery times.

Planar optodes also enable imaging of pH distribution on two-
dimensional surfaces (section 11). One may also punch sensor
spots for contactless sensing through a transparent glass wall
(Figure 47B). The support side of the spot is glued to the inner
part of the chamber (for instance a fermentation flask or a
microplate) and the read-out is performed by positioning an
optical fiber (or a fiber-less read-out unit) in front of the spot.
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Small spots (typical @ 1—3 mm) can be fixed at a distal end of an
optical fiber to produce fiber-optic sensors (Figure 47C).

14.2. Fiber Optic and Other Waveguide Sensors

In this format, a sensor spot may be glued onto a distal end of the
fiber (Figure 47C). Alternatively, the fibers may be directly
coated with the “cocktail” containing indicator, polymer, and
organic solvent (Figure 47D and E).****" Also, the fibers can be
coated with a solution of an indicator in a mixture of monomers,
cross-linker and photoinitiator, and subsequently photopoly-
merized.*?71" 319 In the case of polymerizable materials,
the indicator typically bears a functional group to enable
covalent incorporation into the resulting polymers. Fiber-optic
sol—gel sensors are manufactured by depositing the sol solution
onto the fiber. In most cases, the indicator is covalently coupled
to an alkoxysilane before it is mixed with other precursors.***

It is important that the spectral properties of the indicator
(and reference material if it is present) match those of the fiber
material. Glass and quartz fibers have a numerical aperture (NA)
of about 0.2—0.5 and show excellent transparency in visible and
NIR parts of the electromagnetic spectrum. Additionally, quartz
fibers are transparent to UV light. The NA of much cheaper
plastic PMMA fibers is higher (about 0.6), but their trans-
parency in UV and NIR is rather poor. In the red-NIR part of the
spectrum, attenuation maxima are observed at ~630 and 730 nm
and attenuation minima at ~650 and 760 nm, and light
absorption increases continuously at higher wavelength.'*'* For
instance, at 730 nm at least 50% of the light is expected to be lost
passing through a 1 m fiber. Thus, in case of NIR indicators, only
short (1—2 m) plastic fibers are useful unless deuterated or
fluorinated modifications of the polymers (which show much
lower attenuation in NIR but have limited commercial
availability)'°'® are used. Concerning mechanical stability,
glass fibers are flexible enough at the core diameters of 140 to
400 um but thicker fibers (e.g, 1 mm in diameter) are
inconvenient to use because of the high rigidity and poor
stability to bending. In contrast, 1 and 2 mm PMMA fibers have
excellent mechanical characteristics. It should be mentioned that
fibers of larger diameter are preferable for interrogation of sensor
spots through relatively thick walls.

Fiber-optic microsensors are popular due to better spatial
resolution, suitability for measurements in small volumes and
minimal disturbance caused by measurement. Although coating
of flat-broken fibers of small diameter is possible (Figure 47D),
tapered fibers (Figure 47E) often are preferable because of their
higher signals and faster response times. Because of favorable
diffusion, the dynamic response of the tapered microsensors is
significantly faster than that of the planar optodes and can bein a
subsecond range. Additional microstructures on the fiber tip can
improve the response times even further."'” Considering the
size, apart from the standard dimensions of hundreds of microns,
also sensors based on micrometer-sized®® and submicrometer’”
fibers have been reported. They enable profiling with 0.1 mm
spatial resolution, and fast measurements with response times of
<1 s for 3 pm-thick optodes)®® in very small objects (such as
cells). However, they are challenging to manufacture, are
mechanically fragile, feature reduced operational stability and
faster drift.”®> They also require more sophisticated setup for
interrogation including laser diodes for the excitation and a
photomultiplier for signal detection.””® In contrast, micro-
sensors of larger diameter (>100 ym) can be conveniently read
out using cheap and compact combination of an LED and a
photodiode. Such fiber microsensors can also be used for

profiling, for example to analyze gH gradients in saltmarsh
ponds at sediment-water interface.'”"”

Most fiber-optic microsensors are capable of measuring pH
only, however several multiparameter sensors have also been
reported. Ji and Rosenzweig419 prepared a microsensor (& = S0
um) for simultaneous measurement of pH and calcium based on
SNARF-1-dextran and Oregon green BAPTA-1-dextran con-
jugates incorporated into pHEMA. Kocincova et al.>®' reported
a fiber-optic microsensor for simultaneous monitoring of pH
and oxygen. They used a composite material based on
combination of oxygen- and pH-sensitive microbeads dispersed
in a hydrogel. Walt and co-workers presented an interesting
concept yielding multiparameter fiber-optic sensors.*” They
modified an optical imaging fiber'**® (i.e., a fiber with the ability
to carry a coherent image from one end to the other) of 350 ym
in diameter comprising 3000 individual elements with pH, pO,
and pCO, “sensing chemistries”. The photodeposition of the
sensing layers was realized via illumination of individual areas (@
= 40—50 pum) of the fiber.

14.3. Evanescent Wave Sensing

In an optical waveguide, light is totally reflected at the interface
between an optically denser core and a less dense cladding if the
angle of incidence is larger than of the critical angle. The
reflected light penetrates the second medium (the so-called
evanescent field), which decays exponentially with the distance
from the core. Evanescent field read-out makes it possible to
obtain sufficient signals from very thin sensing layers. Because of
multiple reflections, the increased ogptical gath results in
acceptable signals and fast response.””"”***** This read-out

e has been applied particularly often in sol—gel-based pH
:)y}iodes,s3’277’293[’)3%4’609’}1)019 but se}\Izeral evanescentgwave senl:or
based on polymeric materials have also been reported.>>**”'%*°
The reader is advised to search for the term evanescent in other
sections of this Review.

In a typical configuration based on a step index multimode
fiber (Figure 48), a section of the protective plastic jacket is

e

) N

e R D -

Figure 48. Schematic representation of an evanescent-field sensor (left)
and its photographic image (right): 1, fiber core; 2, original cladding; 3,
protective jacket; 4, typical propagation modes. Reproduced from ref
1020 with permission from Elsevier. Copyright Published by Elsevier,
Ltd., 2004.

removed and the cladding in this part is reduced by polishing or
chemical etching. It is then covered with a very thin layer of a
pH-sensitive material.

The depth of light penetration (d,) in evanescent field can be
described by the following equation:'%*'

A
dp =
-2 "clz
2*a*n_ .. /sin” 6 — = (22)

where A is the wavelength of the light source, 8 is the angle of
incidence of the light at the core/cladding interface, and 14
and n, are the refractive indexes of the core and cladding,
respectively. In case of a silica fiber (refractive index ~ 1.45) with
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removed cladding placed in contact with an aqueous medium
and assuming light to enter the core at an angle of 80° the
estimated d,, is 1/3.3, which is equal to a depth of 170 nm for 550
nm light. The fiber with core diameter of 400 ym will be
expected to have 1 reflection each 1 mm or more, resulting in a
maximum light path length of 17 ym for the sensing part of the
fiber of 10 cm in length. Such pass length is expected to result in
sufficient signals for both absorptiometric and fluorescence
sensors. Interestingly, in case of very thin sensing films,
indicators immobilized even in rather hydrophobic polymers
such as PMMA can show pH sensing behavior.'**’ Evanescent
field sensors based on the use of conductive polymers such as
polyaniline (section 7.2), which display pH dependent
absorption between 400 and 1000 nm, are also known.”
Apart from fiber-optic sensors, evanescent field read-out is also
utilized in planar waveguide-based sensors. For instance, Yang
and Saavedra®®® coated indicator doped sol—gel layer onto a
glass substrate (microscope slide).

U-shaped fiber optic pH probes also utilizing evanescent field
absorption and dye-doped sol—gels were presented.”®* The U-
shaped probe was applied to increase the evanescent field in the
film and hence the interaction strength with the dyes in the film
(Cresol red, bromophenol blue, chlorophenol red). The
influences of bending radius of the probe and the numerical
aperture of the fiber on the sensitivity of the sensor were studied.
As the bending radius of the probe decreases, the sensitivity of
the sensor increases. Further, for a given bending radius and the
fiber core diameter, increase in the numerical aperture of the
fiber increases sensitivity. Similar work on determination of pH
values via U-shaped fibers was presented later.'’** Another kind
of optical fiber pH sensor was described'**® that is based on
surface adsorption of the pH-inert dye methylene blue,
producing absorption in the evanescent field surrounding the
fiber in a section where the cladding was removed. The linear
range of operation is said to be between pH 3 and 9. However,
the authors do not explain why the dye (which is not a pH
indicator in this pH range) responds to changes in pH values.

Some limitations of evanescent field sensing should be
considered. First, changes in the refractive index of the sensing
layer (due to swelling, tern_}gerature change, etc.) may affect the
properties of the sensor.”*” Second, since a significant length of
the optical fiber/waveguide should be modified, a compact
design of the sensor becomes rather challenging. The
configuration shown in Figure 48 and the planar waveguide
versions”*® only allow for measurements in a flow-through cell.
This issue can be partially addressed by using a configuration
with a mirror positioned on the distal end of the fiber.**’
However, even in this case, the total length of the fiber coated
with the sensing composition typically exceeds 1 cm.

14.4. Refractive Index and Surface Plasmon Resonance
Based pH Sensors

As pointed out in section 2, numerous hydrogels are known that
undergo pH-dependent swelling/deswelling. This has resulted
in a variety of optical sensing schemes because swelling is
associated with changes in the turbidity, refractive index,
reflection, color, or fluorescence (for example by using a
solvatochromic probe, section 2.10). Detection schemes in pH
sensors based on the use of swellable polymers include
measurement of refractive index, surface plasmon resonance,
holography, or by using hydrogels as a matrix in photonic
crystals. Numerous materials have been descried that undergo
pH-induced swelling/deswelling, and the following are most

common: acrylates and methacrylates (and numerous chemical
modifications), polyurethanes, cross-linked polyglycols, chito-
san, poly(vinyl alcohols), and copolymers like poly-
(acrylonitrile-co-polyacrylamide), to give representative exam-
ples only. The following sections cover refractive index and
surface plasmon resonance-based pH sensors.

14.4.1. Refractive Index Based pH Sensors

The fundamentals of refractive index (RI) based sensing have
been outlined in section 2.3. Methods based on measurement of
RI do not require a pH indicator to be used. Rather, they are
making use of a swellable/shrinkable material. This has certain
advantages. On the other hand, changes in RI in such materials
often not only depend on the pH value but also on other
parameters, such as temperature, salinity or the fraction of
organic solvent. There is a substantial wealth of literature on the
design of sensor for measurement of RI, but the number of
papers specifically devoted to sensing of pH values is moderate.
A review covering hydrogel based sensors appeared in 2008. It
covers both optical and other sensors."*® Notwithstanding this,
many of the RI sensors described so far (for example in
refs.'>*'9>?) may be converted into pH sensors if coated with a
pH-responsive material, and this may result in numerous future
papers.

The polymers used in such sensors are often referred to as
stimuli-responsive polymers, and the stimulus in this case is the
local pH value. During the process of swelling, the fraction of
water in the polymer increases, and this causes a decrease in the
RI of the hydrogel. Alternatively, swelling may be optically
detected via the physical displacement it can induce (see below).
The milestone paper by Seitz back in 1999 summarizes the
principles and the features of a typical RI-based pH sensor.
These include (a) the use of a porous materials to enable fast
diffusion of protons, (b) the use of composites consisting of
microparticles placed in a hydrogel matrix, and (c) the option of
using near-infrared light along with fiber optics technology.'**°
In fact, most such sensors are based on the use of optical fiber
waveguides.

Probably the first fiber optic pH sensor based on RI
transduction was designed by Attridge et al.*’ Two methods
were used in parallel. The sensing material on the fiber
comprises an ion exchange membrane carrying a sulfophthalein
dye acting as an indicator. In parallel, changes in the RI are
monitored by using a coaxial directional coupler consisting of
two monomode waveguides placed a few ym apart over a well-
defined interaction length. The two kinds of information are
analyzed to assess the practicality of a sensor capable of
discriminating against interfering refractive index variations. The
response time is as short as a few seconds. A related scheme was
presented later'”*" by using a thermoresponsive copolymer
bearing a pH-responsive solvatochromic dye to result in a dual
sensor for temperature and pH value.

The group of Arregui'>* has described pH-sensitive long-
period fiber gratings with polymeric nanocoatings. The pH-
sensitive films with optimal overlay thickness were deposited by
self-assembly poly(allylamine hydrochloride) (which is cati-
onic) and poly(acrylic acid) (which is anionic at pH values
above S). Sensors were also prepared that incorporate the
pigment Prussian blue (PB) in the films. Both sensors were
compared in terms of sensitivity and response time, and a faster
response was obtained in case of sensors with PB particles in the
polymer. Linear response is reported for the pH 4—7 range. In
related work, multilayered thin poly(allylamine) (PAH)films
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containing the pH indicator brilliant yellow (BY) were prepared
on a quartz slide by layer-by-layer (LBL) deposition
technique.”'” The spectra and color of the PAH/BY films
change in the pH range from 9.0 to 5.0, and the response time is
fast because the film is very thin.

Zamarrefio et al."*® have deposited a thin polymeric coating
on an optical fiber core. Lossy-mode resonance (LMR) occurs
depending on the refractive index of the coating and the
thickness of the coating. Poly(allylamine hydrochloride)/
poly(acrylic acid) acted as the pH sensitive coating whose
thickness reversibly varies with the pH value of the solution due
to swelling/deswelling. This LMR-based optical fiber pH sensor
is said to have an accuracy of +0.001 pH units (at constant
temperature) and an average sensitivity (resolution) of 0.027
pH units per nanometer in the range between pH 3 and pH 6,
but effects of ionic strength were not tested.

Fiber Bragg grating (FBG, Figure 16) sensors are fairly simple
and in wide use. In essence, it consists of a white (multicolor)
light source that passes the core of a fiber possessing a Bragg
grating. Depending on the RI of core and fiber, most of the while
light will be transmitted and spectrally separated. However, a
small band will not be transmitted but reflected. Representative
examples for such optical pH sensors include an FBG sensor' "
with a swellable hydrogel whose RI is strongly affected by pH
values. On swelling, the hydrogel causes a physical stretch on the
fiber, which expands the grating period. Such a sensor resembles
the function of displacement sensors as described in the section
on less common detection schemes. Alternatively, a so-called
chirped grating coupler may be used.'”** Again, pH-induced
swelling of a polymer membrane is detected via refractometry
using a compact multichannel sensor module. Signal trans-
duction by means of the chirped grating couplers allows for the
design of a simple sensor module. Experiments were performed
with replicated polycarbonate TiO, waveguide sensor chips
coated with an ultrathin photopatterned hydrogel membrane
carrying amino groups, which reversibly change from the neutral
state to a positively charged state upon acidification. The
resolution reported by the authors is said to be <+0.00011 at pH
7.5 in a dual-channel module, but this is not plausible given the
experimental circumstances described and the lack of a more
realistic test scenario.

Wavelength interrogation was applied in a no-core fiber optic
pH sensor using a polyacrylamide coating.'”'’ A no-core fiber
was stubbed between two single-mode fibers with a standard
fiber connector before immobilizing the hydrogel. The sensor is
placed in a flow cell through which solutions of various pH
values are passed. Wavelength shifts, measured with a FBG, can
be related to actual pH values. Typically, wavelengths shifts by
1.94 nm per pH unit over the pH range from 3 to 10, with good
linearity and fast response.

An example of an interferometric pH sensor is represented by
a fiber sensor based on the use of waist-enlarged bitapers and
mode excitation.'®* The interferometer, which comprises a
waist-enlarged bitaper, a round tip, and a tantalum pentoxide
layer displays high refractive index (RI) sensitivity. It was coated
with a poly(vinyl alcohol)/poly(acrylic acid) composite hydro-
gel to induce sensitivity to pH values. The interference fringes
shifted with varying pH solutions, and the pH sensitivity is 1.58
nm per pH unit in the pH 2.5—6.5 range. Rise/fall times are as
short as 10/11 s.

In another kind of refractometric pH sensor, a pH-sensitive
coating was placed on indium tin oxide-coated optical fiber.'***
The pH of the external medium modifies the thickness of the

thin polymeric coating and, hence, the effective refractive index.
This, in turn, causes a wavelength shift in the near-infrared
region. The devices permit wavelength-based pH determination
with high sensitivity (17.5 nm/pH unit) and with fast response.

14.4.2. Surface Plasmon Resonance-Based pH Sensors

The fundamentals of surface plasmon resonance (SPR) based
sensing have been outlined in section 2.4. Like pH sensors based
on (fiber) optic measurement of pH induced effects on refractive
index (RI), SPR is another but experimentally entirely different
approach to detect changes in RI. Note: This section only refers to
SPR sensors based on either the Kretschmann or Otto instrumental
configurations, not on so-called “SPR sensors” where the color
change of gold nanoparticles in colloidal solution (often from red to
blue and back) is exploited, usually a result of particle aggregation.
This effect often is referred to as localized SPR but is read out
visually or by photometry.

SPR-based sensing does not require a pH indicator to be used.
Again, a swellable/shrinkable material comes to use. This has
several advantages over indicator-based methods (such as the
lack of leaching or the need for immobilization of probes), but
on the other hand, changes in RI in such materials often not only
depend on the pH value but also on other parameters, such as
temperature, salinity, or the fraction of organic solvent. The first
sensors of this kind were described by the Liedberg
group' "' back in 1982. Nowadays, SPR based detection
is mainly applied to study ligand—receptor interactions of
biomolecules by using one of the several commercially available
devices. Typically, sensor chips are used, where the gold film is
covered with a micrometer film of a hydrophilic polymer. Such
films undergo pH-dependent swelling, and hence, all these
sensors often are inherently pH-sensitive. Figure 49 shows a
typical (fiber optic) arrangement for measurement of changes in
RI via SPR using a sensor coating placed on a gold film.

Spectrometer

Light source

Syringe pump

Flow cell

Side polished SPR sensor
(b)

Figure 49. Schematic of a fiber optic sensor for measurement of
refractive index by using surface plasmon resonance. The lower panel
shows the flow system, including a syringe pump, a flow-through cell,
and respective tubings. The upper panel shows an enlarged view of the
SPR detection system. The swellable pH-responsive material can be
placed on the gold film. The angle of reflection (®;) depends on the RI
of the polymer. Reprinted from ref 1036 with public license. Published
by the Optical Society of America.
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Various kinds of smart nanomaterials have been presented. To
achieve an optimal match between the RI of the sensing layer
and the waveguide, a sensing probe was prepared'**” by coating
an unclad core of an optical fiber with three consecutive layers of
silver, silicon, and a pH-sensitive hydrogel. The change in pH of
the fluid around the probe causes the hydrogel layer to reversibly
swell and shrink, this in turn resulting in a change in RI. The
change in RI causes a change in the resonance wavelength in the
transmitted spectrum, and a blue shift is observed in the
resonance wavelength (which is in the visible) on increasing the
pH value of the solution. The measurement of wavelength rather
than of intensity makes the sensor independent of fluctuations of
light source intensity, detector sensitivity, and geometrical
effects of the optical system. The sensor operates in the low and
high pH range, but not at around pH 7. The influence of
environmental temperature (between 16—28 °C) is negligible.
Other features include a short response time, small size and good
temporal stability. Another coating used in SPR based sensing of
pH consists of silver, ITO (In,05:5n0,), aluminum and smart
hydrogel layers over an unclad core of an optical fiber.'** Layers
of metallic silver, aluminum and ITO were coated using a
thermal evaporation technique, while the hydrogel layer was
prepared by dip-coating. The sensor detects changes in the RI of
the hydrogel due to its swelling and shrinkage caused by changes
in the pH value of the fluid. An increase in the pH value causes
swelling of the hydrogel which decreases its RI and results in a
shift of the resonance wavelength toward the blue in the spectra.
The ITO layer increases the sensitivity while the aluminum layer
increases the detection accuracy. Temperature has very little
effect in the 25—45 °C range.

An optical fiber SPR pH sensor was reported that is based on
the use of multimode and single-mode fibers coated with a
carboxylated hydrogel.'®*” Depending on local pH values, the
fraction of dissociated carboxy groups in the hydrogel changes
and affects the volume and RI of the hydrogel. This results in a
shift of the SPR peak wavelength. The sensor works over a wide
pH range (from 1 to 12), and at the best sensitivity, the shift is 13
nm/pH (in the pH range 8—10). The influence of temperature
(in the range from 20 to 40 °C) on SPR wavelength is weak. The
sensor possesses remarkable repeatability and excellent stability,
has a wide analytical range, and can be fairly easily fabricated.
Another pH-responsive nanoplasmonic pH sensor was
fabricated'**® by chemical attachment of poly(allylamine)
onto ~28 nm diameter gold nanoprisms bound to a silanized
glass surface. The reversible change of polymer structure upon
protonation and deprotonation (causing shrinking and swelling)
of the amino groups of the polymer alters the localized surface
plasmon resonance (LSPR), typically peaking at 694 nm. A
spectral shift of the peak can be observed. The pH-induced
shrinking and swelling were subsequently applied in an
enzymatic glucose sensor.

There is a wealth of literature on the design of sensor for
measurement of RI via SPR, but the number of papers
specifically devoted to sensing of pH values is moderate.
Notwithstanding this, virtually all SPR-based sensors (de-
scribed, for example, in refs 1041—1046) may be converted to
optical sensors for pH values if coated with a pH-response
polymer as discussed before. It is also noted, here, that most of
the hydrogel based sensors for determination of relative air
humidity also are likely to be sensors for pH values of aqueous

. 1047
solutions.

14.5. Photonic Crystal-Based pH Sensors

Photonic crystals (PhCs) have so-called structural colors and do
not require the use of indicator dyes. Structural colors are widely
found in nature, the color of butterflies or chameleons being
typical examples. Their color can undergo quick changes by
applying a mechanical stress on the system. Color changes may
also be induced by changing local pH values because these affect
the lattice spacing in PhCs. This has inspired many researchers
to mimic nature.

The fundamentals of PhC based sensing have been outlined in
section 2.5, and numerous variations of methods for measure-
ment of changes in local diffraction patterns in PhCs have been
published in recent years (for example in refs 1048—1051),
albeit not for sensing pH values. A review is available on various
kinds of photonic hydrogel-based sensors, PhCs included.'***
Virtually all of them may be converted to optical sensors for pH
values of combined with a pH-responsive hydrogel as discussed
before. The state of the art by the year 2014 in PhC-based
chemical sensing and biosensing has been reviewed.'®*

In the simplest (and purely synthetic) version, sensor
materials are prepared by incorporating polystyrene nano-
particles into a hydrogel matrix. Hydrogels include acidic
polymers, such as poly(meth)acrylates, poly(meth)acrylamides,
polyurethanes, and polyethylenimine. Swelling is often due to
protonation of basic polymers or due to deprotonation of acidic
polymers. Even mixtures (deposited layer-by-layer) have been
used. Color effects are quite significant, with spectral shifts as
large as 250 nm. Color changes are beautiful and can be observed
visually but one has to keep in mind that the colors are so-called
structural colors (like those of a butterfly), not like the colors of
an indicator dye. Remarkably, some sensors have a rather wide
analytical range.

In their milestone papers, the Asher group'®>'*** describe
PhC-based pH sensors, referred to as a colloidal crystalline array
(CCA). Plastic microspheres were incorporated into a stimuli-
responsive hydrogel. Visible light is diffracted in the CCA, and
the observed color is a function of the lattice spacing d of the
plastic microspheres (see Figure 14) which—in turn—is
governed by pH-dependent swelling of the gel. Hence, swelling
increases the mean separation between the microspheres and
shifts the Bragg peak of the diffracted light to longer
wavelengths. As a rough rule of thumb, a 0.5% change of the
volume of the hydrogel shifts the diffraction wavelength by ~1
nm. The operative pH range of such sensors can be adjusted by
proper choice of the hydrogel, but response times can be quite
long (>10 min), which is much longer compared to refractive
index (RI) based sensors. On the other hand, such sensors can
be judged with bare eyes and, therefore, allow for a fast rough
estimation of pH values. Instrumental read-out is, of course,
more precise.

Various kinds of such sensors for pH values have been
reported in subsequent work, 10557199 several based on the use
of nanosized particles. Low and high pH sensing capability was
achieved by variation of the gel material, for example by
functionalization with carboxylates and phenol derivatives,
respectively. A mechanically robust and fast responding PhC-
based pH sensor was fabricated'®’ by templated photo-
polymerization of hydrogel monomers within the interstitial
space of a self-assembled colloidal PhC. This pH sensor has a
response time of <10 s and a >6 month lifetime without
compromising the reproducibility of the pH-driven color
change. Similarly, a planar defect layer within an inverse opal
hydrogel was used in a tunable PhC-based pH sensor. It was
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fabricated by combining the Langmuir—Blodgett technique and
the PhC template method. The resulting material consists of a
three-dimensional, highly ordered, and interconnected macro-
porous array of poly(methacrylic acid), which is a hydrogel
sensitive to pH values. The optical properties of these inverse
opals were investigated using reflection spectroscopy but can
also be detected visually.'°°> Typical materials and properties of
pH sensors are summarized in Table S20.

Even dual sensing of pH values and temperature was shown to
be feasible. The diffraction pattern of hybrid particles prepared
by copolymerization of N-isopropylacrylamide and methacrylic
acid in a gel were shown'®® to be sensitive to temperature in the
range from 15 to 40 °C, and to acidity at pH values between 2
and 7. The sensitivity to pH changes leads to a wavelength shift
of around 150 nm, while temperature only induces a shift of 50
nm at pH 7 and of 20 nm at pH 2. Unlike in dual sensors where
two indicators with different optical properties are used, these
sensors can hardly differentiate whether the color changes
originate from changes in temperature or pH value.

In more recent bioinspired work, Fei et el.'°°* have designed a
pH sensing scheme by placing poly(acrylic acid)-co-polyacryla-
mide [P(AAc-co-AAM)] via in situ copolymerization onto the
wings of the butterfly Papilio paris. The wings have a hierarchical,
lamellar structure (composed of chitosan) as shown in Figure
50. The structural color of the modified wings is changed by

7 chitosan

pH response

Figure 50. Schematic of a bioinspired photonic crystal based optical
sensor for H values. The graph shows the typical chitosan structure of
the wing of a butterfly that was coated with a synthetic copolymer that
undergoes pH dependent swelling. This results in a change in the
structural color of the wing. Reprinted with permission from ref 1064.
Copyright American Chemical Society 2016.

local pH values. The introduction of AAM into the system
created covalent bonding, which strongly bridges the polymer
with the wings and leads to an accurate yet broad variation of
reflection wavelength to measure environmental pH values. The
reflection wavelength can be tailored by varying the RI of the
lamellar interspacing because of the swelling/deswelling of the
polymer. The application of covalent cross-linking results in a
PhC-based pH sensor with high cycling performance. While
interesting from a purely scientific point of view, such sensors are
unlikely to be used by others given the fact that simpler sensors
have been described that can be made from materials that are
readily available at any time and any place in the world.

Liu and co-workers'°*® have applied polyaniline in 1D PhCs
with a gradient architecture as a material that responds to vapors
of acidic or alkaline chemicals. PhC based sensors were also
combined with fiber optic sensing schemes in order to enable
remote sensing. A pH sensor of that kind is based on the use of a
poly(vinyl alcohol)/poly(acrylic acid) coating and interfero-
metric laser interrogation.183 The sensor works in reflection

mode, has an average sensitivity of 0.9 nm per pH unit (for the
11 wt % PVA/PAA coated sensor) in the pH range from 2.5 to
6.5 and rise/fall times, respectively, of 12 and 18 s. Inverse opal
photonic crystal hydrogels (IOHs) were obtained'*® by
polymerization of polyacrylamide and poly(methacrylic acid)
along with poly(styrene-co-acrylic acid) particles by a
“sandwich” method. These IOHs exhibit brilliant structural
color that can be tuned by variation of particle size the
concentration of monomers and cross-linkers. The color and
Bragg diffraction peak of the IOHs responds to pH values (and
also to methanol and ethanol). Reflectance is red-shifted at low
pH values, and blue-shifted at high pH values.

Various kinds of nanoparticles were also applied in PhC-based
sensors. A pH responsive PhC sensor was obtained'*®’ by
incorporating magnetite nanoparticles (Fe;O,) into a poly-
(acrylamide)-poly(2-hydroxyethyl methacrylate) gel. The
Fe;0, particles were linearly arranged by polymerization
under an external magnetic field. The resulting materials were
endowed with pH sensing capability by converting poly-HEMA
into PAA units. Other nanomaterials for use in PhC-based
colorimetric sensing using hydrogel matrices include porous
silicon in poly(2-diethylaminoethyl acrylate) to give a sensor for
the pH 3—9 range,"*** silver and gold nanoparticles,'°*” various
kinds of zeolite nanoparticles, and others. A few other PhC-
based methods are known but discussed in another section.
These can be found by electronically searching for photonic
crystal.

All PhC-based pH sensors are strongly interfered by ionic
strength, which is disadvantageous and limits their application to
defined situations.'””” PhC sensors can also be used as
transducers in biosensors, where enzymes cause the production
or consumption of hydrogen ions. Examples include organo-
phosphorus hydrolase'*”® and urea,'*”" the determination of the
activity of urease.'”’> Urease causes an increase in pH, but
organophosphorus hydrolase, on the other hand, produces two
protons on hydrolyzing the insecticide parathion, and the drop
in local pH causes the polymer-based PhC to shrink and to
undergo a visually detectable blue-shift. Such sensors also may
be used to detect acidic or basic gases.'**® A recent review covers
the use of photonic crystals as detectors in microfluidic
chips. "

14.6. Holographic pH Sensors

This work was pioneered by Chris Lowe and co-workers. In such
sensors, changes in the replay wavelength of sensor films are
used to characterize the swelling behavior of the matrix as a
function of analyte concentration. The various kinds of materials
for use in (mainly physical) sensors has been reviewed.'”’* In
the first holographic pH sensor ever,'””” a 300 nm film of
poly(hydroxyethyl methacrylate) was used. The holographic
diffraction wavelength (which determines the apparent color) is
governed by shrinkage or swelling of the hydrogel as a function
of pH. The sensor works best in the pH 5—7 (i.e., physiological)
range, and the analytical wavelength changes by up to 165 nm
per pH unit. Such large changes make such sensors also well
suited for visual estimation of pH values. The sensor, in slightly
modified form, was later applied to enzymatic sensing of lactate
via the drop in local 6pH values as the enzymes causes the
oxidation of lactate.'”’® Several patents also have been issued.
Beiu et al.'"””” have introduced photonic crystals (PhCs)
embedded into cores of optical fibers, where they undergo
mechanical deformation perpendicular to the length of the fiber.
While not specifically demonstrated, it may well work as a PhC
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based pH sensor when using a swellable polymer matrix whose
RI varies with pH values. The near-infrared holographic glucose
sensor described by Vezouviou and Lowe'%”* is likely also to be a
good pH sensor. This is also true for the swelling-based
holographic sensors for lead(Il),'””” ethanol,'**" temper-
ature,'*®! cocaine,'®®* all based on the use of swellable
hydrogels, more recently in combination with molecular
imprinting.

14.7. Distributed Sensing of pH Values

Combination of fiber-optic sensor format, evanescent field read-
out and time-resolved measurement allows for distributed
sensing, that is, obtaining information from different regions
along a long fiber-optic waveguide. Evidently, it represents an
interesting alternative to the sensor array approach. In the
distributed sensors, different parts of the core of optical fiber are
coated with the sensing composition. The distance from the
fiber front to a fluorophore-doped region is given by x = (c¢/
2n)7,, where c is the speed of light in the fiber, # is the refractive
index of the fiber core, and 7, is the time delay between the
excitation pulse reflected from the fiber front and the subsequent
fluorescence emission from particular sensor region.'’**
Consequently, a short laser pulse (e.g, 0.5 ns) and time-
resolved fluorescence detection not only allows to access the
fluorophore location but also its decay time and, therefore, the
analytical information (Figure 51). The spatial resolution of this
technique is determined by the fluorophore lifetime and is about
10 cm for a 20 m fiber'®®” and 1 m in case of a 100 m fiber.'**°
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Figure 51. Operating principle of a distributed sensor. (A) Schematic
representation of the optical fiber modified with sol—gel layers
containing immobilized aminoacridine (AA) and cresyl violet (CV).
(B) Corresponding time-resolved emission profiles following pulsed
laser excitation for a 9 m fiber. Reprinted with permission from ref 1084.
Copyright American Chemical Society 1996.

Time-resolved fluorescence detection following pulsed excita-
tion can be used to probe distributed intrinsic fiber-optic
sensors, resolve fluorophore locations along the fiber, and yield
the optical dynamics of the chromophore.'”®* Potential
advantages include possibility of sensing in multiple locations
with a single setup and potential suitability for read-out of
different “sensing chemistries” (e.g., multiparameter sensing)
localized at different fiber regions. However, several factors limit
the practical applicability of the technique. Apart from the
instrumental requirements (pulsed excitation source and
equipment for time-resolved read-out) removing the cladding
from a long fiber and coating it with the sensing composition can
be very challenging increasing the risk of fiber damage and
inhomogeneous coating. Additionally, the technique allows for
self-reference read-out only in case of fluorophores showing
pronounced response of their fluorescence decay time to pH
(section 10.2), which are very rare. Although laser excitation
corresponding to the absorption of a protonated or deproto-
nated form of the pH indicator may be potentially used, *** it
would significantly increase the complexity of the system.
Because of these limitations, distributed pH sensing is more
suitable for detection of significant pH changes in course of
undesired events (e.g, leaks) rather than for precise pH
measurements. This is even more true for the sensors that do
not use an indicator dye but rather utilize the attenuation in the
fiber due to pH-dependent swelling of a hydrogel.>

15. SELECTED APPLICATIONS OF OPTICAL pH
SENSORS

15.1. Applications of pH Optodes in Medicine and Test
Animals

15.1.1. Sensing and Imaging of pH Values in Blood
and the Vascular System. The normal blood pH varies
between 7.35 and 7.45. Values below and above this range
(acidosis and alkalosis, respectively) serve as an indicator of
various disorders. Measurement of pH in arterial blood is one of
the most frequent tests in monitoring of critically ill patients and
is commonly ferformed intermittently with the help of blood
gas analyzers.”®® Commercial systems are available that make
use of an optical pH sensor among S other planar sensors (pH,
pO,, pCO,, K¥, Na*, and Ca’*) incorporated in a disposable
cassette (Figure 52A).'%%" Similarly, a blood parameter
monitoring system 500 (Therumo Cardiovascular) incorporates
optical sensors for pH, pO,, pCO,, and K' and enables
continuous monitoring of these parameters during cardiopul-
monary bypass. All are mainly based on the early work of the
groups of Wolfbeis and of de Silva.

There has been a great interest in developing a system for
continuous monitoring of “blood gases” (pH, oxygen, and CO,)
in arterial blood particularly with help of optical sensors because
of their high potential for minijaturization and minimally invasive
character. The overall requirements are, however, much tighter
than in case of in vitro measurements with blood gas analyzers.
Particularly, the sensors for intravascular blood gas monitoring
should be small enough to pass the artery cannula without
affecting blood pressure fidelity, be accurate under all clinical
conditions, and have to be biocompatible and nonthrombo-
genic.'® Back in 1980, Peterson and co-workers reported the
first fiber optic probe for online pH measurements in
blood.*”'® The absorptiometric probe showed good correla-
tion with the data obtained by a blood gas analyzer and an
electrode. Since this pioneering work, the suitability of various
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Figure S52. Critical care analyzer developed by AVL Scientific
Corporation: instrument (left) and disposable cartridge (right).
Blood (60 uL) is injected via the Luer port and, then, passes the
various optical sensors. The whole sensor kit is placed in a portable
instrument for on-site use. The fluorescence of the sensor spots is read
by a photodiode after photoexcitation with a blue LED. Reprinted with
permission of The Royal Society of Chemistry from ref 1087. Copyright
The Royal Society of Chemistry 200S. (B) Schematic cross-section of a
multiparameter intravascular blood gas probe. Reproduced from ref
1103 with permission from BMJ Publishing Group, Ltd.

optodes for pH measurement in blood has been tested in
humans and animals.*'"/**%#¢%19%0719%3 Gehrich and co-work-
ers"' were the first to report a multiparameter intravascular
sensor for pH, oxygen and carbon dioxide relying solely on
optical principles (Figure 52B). The sensor also included a

thermocouple for compensation of the effects of temperature.

Several commercial sensors also incorporating pH sensors have
been introduced to the market.'”*®'”* These sensors share a
similar design by representing an array of pO,, pH, pCO,, and
temperature probes in a single compact package.'””>™'*”® The
performance of these probes was evaluated in numerous
studies,'**%'7711% which were particularly extensive in case
of the Paratrend sensor (Figure 37, section 10.7).110! Despite
often rather satisfactory in vitro performance, further success of
such probes was hindered by the strong effect of many factors
(thrombosis, reduced flow, etc.) on the accuracy of the
intravascular measurements.'’*® Furthermore, the cost-effec-
tiveness of intravascular measurements has been disputed,''*”
and some manufactures faced problems in terms of reproducible
and low-cost mass production.'*** As a result, the above optodes
for intravascular measurement did not make it to the market, or
have been withdrawn.

15.1.2. pH Sensing in Other Biological Fluids.
Monitoring of pH in stomach and esophagus is of importance
for diagnostic of peptic ulcer disease and gastroesophageal
reflux, respectively, and for assessing the effect of gastric
antisecretory drugs.''”* Here, fiber-optic sensors can offer
higher comfort to patients due to the small size of fiber optic
sensors. To qualify, the material should show optimal response
in (highly) acidic conditions since the pH value of the gastric
juice normally varies from 1.5 to 3.5."'%° Several fiber-optic
sensors for measurements in gastroenterological system were
tested in vivo, among them the optodes reported by Baldini and
co-workers’" and Netto et al.**®

Because of their compact design, fiber-optic sensors offer
significant advantages for in vivo measurements in other
biological fluids. Schultz et al. recently reported pH measure-
ments in surface liquid of the respiratory tract of patients with
cystic fibrosis."'*® Assays were performed with a fiber-optic
sensor (@ = 1 mm) inserted through a working channel of a
bronchoscope. Sweat represents another medium where pH
monitoring is of high interest due to correlation between pH

RASE
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D

Figure 53. Luminescence imaging of pH during cutaneous wound healing. Upper row: Photographic images of the skin sites. Lower row: Respective
pseudocolor images created with optical 2D pH sensors. Scale bars: 1 cm. Reprinted from ref 145 with public license. Published by the United States

National Academy of Sciences.
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value and health. The typical pH value of sweat is 5 to 7.""%

Measuring IpH in sweat can be a good indicator of
dehydration."'%® Curto et al.''*” described a microfluidic array
of pH sensors based on 4 different absorptiometric indicators,
which can be read out with a digital camera to enable
semiquantitative pH measurement in sweat. Caldara et al.''"’
designed a wearable pH sensor based on sol—gel immobilized
absorptiometric indicator in combination with the dedicated
read-out device and used it in body trials.

15.1.3. Sensing and Imaging of pH Values on Skin and
in Wounds. Wound healing is a complex process involving
many biochemical events and parameters that impair healing.
The process is still not fully understood due to the lack of
appropriate analytical tools."''' pH is one of the most important
parameters during wound healing because of its regulatory
function in numerous processes associated with healing.'''* pH
optodes enable real time 2D monitoring of the healing process
via imaging. Schreml et al."** imaged pH values during wound
healing with the help of a DLR-referenced (section 2.2.7) pH
optode. Although the optode follows a common design (pH-
sensitive and reference microparticles dispersed in hydrogel
layer), the choice of support was of extreme importance for this
application. Biologically inert, transparent, and flexible 25-um
poly(vinylidene chloride) foil was found to be the best. Wound
healing was accompanied by decrease of pH values (Figure 53).

The same group modified the above pH sensor layer to enable
simultaneous imaging of pH and oxygen with an RGB camera**!
since oxygen is another very important parameter in wound
healing. A detailed study of chronic wound surfaces with a
similar material revealed gradients in extracellular pH in chronic
wounds that disrupts epidermal repair.*** The same method was
adopted to study postradiogenic wound healing disorders using
commercially available pH sensor layers."'"*

Further development was focused on improvement of
material composition and coating techniques to warrant good
adhesion of the sensing layer on uneven skin. A fluorescein (with
green fluorescence) was used as the indicator, and a red-emitting
Ru(II) complex as an inert reference emitter, and the RGB
techniques for signal processing.'''* Spray-coating of the
sensing “cocktail” was demonstrated to be promising. A support
material (such as polyester) is not needed.

Another group''"> embedded absorptiometric pH sensitive
beads into alginate hydrogel fibers which possessed excellent
flexibility and adhesion to the skin surface with the trade-off of
losing the spatial information obtained via imaging. In another
approach, phenol red was incorporated into an antibiofouling
and biocompatible zwitterionic polycarboxybetaine (PCB)
hydrogel matrix.'''® The material allowed smartphone based
readout via the blue and green channels of the camera.

The materials described above rely on a single pH indicator
and are thus have a limited dynamic range of about 3 pH units.
Since the entire range observed in wounds and skin disorders is
larger (pH 4—9), further improvement of the indicator
chemistry is necessary to achieve optimal resolution in the
whole range of interest.

In view of potential applications for treatment of skin diseases
via (trans)dermal drug delivery, Haag and co-workers'""’
measured the pH values in hair follicles with help of follicle-
penetrating submicroparticles. They found a strong pH gradient
in the hair follicle. The pH value is 6.5 on the skin surface but
increases to 7.4 in deeper areas with a sharp increase in pH over
the first 300 um. Later, Mohr and co-workers'''® developed
disposable cotton swabs for pH measurements in wounds based

on covalently immobilized colorimetric pH indicators and a
reference dye. Although the swabs allowed only semiquantita-
tive pH determination, they combined a number of attractive
features such as suitability to gamma sterilization, low toxicity,
and low cost. A similar approach was used for a smart bandage
that was combined with a small, autonomous analytical
instrument that allowed readout with a smartphone using
international wireless standards RFID and NEC.*®

15.1.4. Sensing and Imaging of pH Values in Tissue
and Organs. Monitoring of pH in brain may be beneficial for
diagnostics and treatment of neurosurgical patients since pH
changes are related to brain damage. Fiber-optic pH micro-
sensors are attractive tools for such studies because of their small
size and, therefore, minimal invasiveness. Experiments in test
animals performed with a commercial multiparameter sensor
(section 10.7) showed that brain pH value decreases by 0.2—0.4
units during brain injury and focal ischemia.'''” During the
brain insult, the pH value of brain parenchymia decreased from
7.13 to 6.75.""*° Similar results were obtained in brain of mice
which underwent a stroke.”” The authors used a fiber-optic
sensor (2 = 125 um) based on a sol—gel-immobilized
seminaphthorhodamine pH indicator. They also studied the
response of brain pH to the injections of sodium bicarbonate
into the peritoneal cavity and demonstrated excellent correlation
between the readings obtained by the optode and a micro-
electrode.”” Magnotta et al.''*' studied effect of CO, inhalation
resulting in a decrease in mouse brain pH values with a
commercial optical pH microsensor.

The microenvironment of tumorous tissue is characterized by
hypoxia, vascular abnormalities and low extracellular pH
(pHe).''** The difference between extracellular and intra-
cellular pH values is particularly distinct. The extracellular pH
value near tumor cells is about 0.5 units lower than the
intracellular value."'**""** Low pH, therefore, can be considered
as a cancer marker. Typically, pH imaging in tumors is
performed with (a) dissolved pH indicators,"*>'"** (b)
addressable conjugates of pH indicators (e.g, with antibod-
ies),"'*® (c) fluorescent proteins,"'*® or (d) nanosized
sensors.>%1127 Thege probes (which are often referred to
as “pH activatable”) become highly emissive in tumor
microenvironment due to fluorescence “switch on” under acidic
conditions. This function is very useful for tumor visualization,
but precise pH measurement remains challenging for two
reasons: (a) The precision and accuracy of fluorescent pH
imaging in tumors and other tissues is strongly affected by
scattering and absorption of the excitation and emission light,
and (b) calibration is difficult. Chen et al.""*® showed that even
in case of NIR pH indicators most fluorescence is lost already at
comparably small tissue thicknesses (<1.5 mm). In contrast, the
self-assembled nanoprobes based on albumin-immobilized NIR
pH indicator and reference dyes were found to be excellently
suitable for pH measurement via photoacoustic imaging. Here,
ratiometric capabilities were retained even in deeper tissue layers
(3 mm).

Compared to in vivo studies, measurement of pH in tumor
models is a more convenient and reliable method to study their
metabolism, viability, and drug resistance. For instance, Kenney
and co-workers performed pH measurements in paper scaffolds
containing breast adenocarcinoma cells which were positioned
above a planar pH optode.**® Exvivo, a 250 um fiber optic probe
inside a hollow needle was demonstrated to be ag)plicable for pH
measurement in an ovine lung tumor model.''*” The fiber optic
probe could distinguish tumorous from healthy tissue with
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Figure 54. (A) Changes of rhizosphere pH along the root axis in dark (left) and light (right) conditions. Reprinted by permission of Oxford University
Press from ref 1140. Copyright Oxford University Press 2002. (B) Combined optical pH imaging and imaging of trace metals with DGT technique in
Salix smithiana rthizosphere. The bars represent pH and average solute flux to the gel (in pg-cm™s™") respectively. Adapted from ref 424 with public

license. Published by Elsevier.

statistical significance. For choice of the immobilization matrix, a
polymer microarray approach was used that allowed the
selection of the material with the best performance from 180
samples.

15.2. Intracellular and Extracellular Measurement of pH
Values

Intracellular pH values are typically measured during cell
proliferation, apoptosis, endo- and exocytosis, ion transport, or
muscle contraction.”” Because of the small size of the cells,
optical methods are virtually the only possibility to perform
measurements. The most common tools include dye-based pH
probes, pH sensitive fluorescent proteins, and pH nanosensors.
Numerous pH indicators for intracellular measurements,
described in detail elsewhere,”” have been reported over the
past decades are still the most developed and used analytical
tools. Fluorescent proteins (section 7.3) can be expressed inside
cells and therefore are excellently suitable as biocompatible
intracellular probes. The many known pH nanosensors (section
8) are characterized by a large structural variety. The proper
choice of materials and functional groups determines their
suitability for intra- or extracellular measurements. However,
most nanosensors have been designed for intracellular sensing.
Their addressable character*> enables accumulations at specific
intracellular sites. Since typical pH in cellular compartments
differs considerably (cytosol (7.1—7.2); mitochondria (7.5—8),
lysosomes (4.5—5.5)), and because optical pH sensors are
limited in the dynamic range to 2—3 pH units, different “sensing
chemistries” have to be employed to obtain optimal resolution in
a particular application. To address broader pH distribution with
a single material, nanobeads relying on combination of several
pH indicators have been designed (see section 13 for more
details).”*>7¢*

Read-out of the intracellular pH probes is almost exclusively
performed by using microscopy. In most cases, the probes are
desi%ned to enable ratiometric (2-wavelength) read-
out, DH72H7AHTSITCO0EIESIG0NBL e <o ifatime based
nanosensors for fluorescence lifetime imaging (FLIM) also
have been reported.**”*"" These probes are advantageous due to

absence of artifacts associated with wavelength-dependent light
scattering and also overcome the adverse effects of indicator/
reference leaching or photobleachil_lg Intracellular pH measure-
ment with help of 2-photon®”®**® and upconverting
probes”***® should also be mentioned. It has not been
demonstrated in all cases; however, that the pK, values of
probes and sensors are the same during calibration with buffers
and in the intracellular space.

Extracellular pH plays a very important role in biological
processes making this parameter useful to study the regulation of
bone cell function,''** in cancer research due to characteristi-
cally low extracellular pH of the tumor cells'* or to study
metabolic perturbations via assessment of glycolytic activity.”*’
The optical tools for measurement of extracellular pH values are
versatile, and many materials covered in this Review can be
useful. For instance, extracellular pH was accessed with help of
planar optodes,*®” pH sensitive quantum-dots,*'* nanoprobes
based on pH indicator-DNA-lipid conjugates that anchor
directly on the cell surface''** or even with water-soluble
luminescent pH indicators.”®” In this kind of applications,
combination of extracellular pH measurement with measure-
ment of other parameters, such as concentration of dissolved
oxygen, ATP, and total protein, is of particular interest since it
allows assessment of cell metabolism.”*

15.3. Sensing and Imaging of pH Values in Plant Research

Many response systems in plants are linked to complex dynamics
in signalin% parameters, such as Ca2+, reactive oxygen species,
and pH.""*> Most researchers have studied pH in cytoplasm and
cell wall of plants with help of genetically encoded fluorescent
protein probes.lms_lm9 For instance, anoxia- and salt stress-
induced pH changes in root cells were studied.''” Optical
sensors (planar, fiber optic, or nanosized) have been used more
recently. Examples include imaging of pH values in the
rhizosphere, that is, an area of soil around a plant root, which
is directly influenced by root secretions. Compared to
electrodes, planar optodes are much less invasive and allow
mapping of different parameters in rhizosphere. Among other
parameters, pH is of particular importance due to ability of some
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Figure 55. Examples of applications of optical pH sensors in oceanography and marine biology. (A) Stand-alone pH optode for oceanographic
applications developed by Staudinger and co-workers. Reprinted from ref 537 with public license. Published by Wiley Periodicals, Inc., on behalf of
Association for the Sciences of Limnology and Oceanography. (B) Imaging of pH distribution with planar optode and an RGB camera. The
pseudocolor image shows the elevated values around a 2 day old burrow of the polychaete Hediste diversicolor. Reprinted from ref 374 with public
license. Published by Frontiers. (C) Photograph of cross-section of didemnid ascidian Lissoclinum patella containing symbiotic cyanobacterium
Prochloron (left) and pseudocolor images of the pH distribution in L. patella before and under irradiation with visible light (incident photon irradiance

of 250 pmol photons m™>

Oceanography, Inc., 2011.

s7"). Reprinted from ref 1152 with public license. Published by the Association for the Sciences of Limnology and

plants to acidify the rhizosphere to enhance the uptake of poorly
soluble nutrients. Rao and co-workers''*’ used a colorimetric
system (bromocresol purple in agar gel) to visualize the pH
dynamics in rhizosphere of legume roots and found light-
induced acidification (Figure S4A). Blossfeld and Gansert
demonstrated rhizosphere acidification by mapping pH with a
commercial planar optode.''*' The pH values were read-out
point-by-point with help of a micromanipulator. The same
sensor system was also used for pH mapping in soils
contaminated with trace metals''** and in combination with
an oxygen sensor for monitoring of rhizospheric dynamics in
short-time flooded plant species.''**

The above drawbacks of the point-by-point read-out can be
overcome by using fluorescence imaging. Several groups utilized
a combination of a planar optode and a dedicated imaging
unit.””>" 1 **11*5 Rudolph and co-workers***''*® used hydrogel-
immobilized aminofluorescein in combination with a UV lamp
and a CCD camera. The pH sensor relies on measurement of
fluorescence intensity, which is not the best approach. In several
cases, the pH measurement was combined with optical imaging
of other parameters, including oxygen,1146 carbon dioxide,"'**
or both oxygen and carbon dioxide.””” Santner and co-
workers*** combined imaging of pH (with a ratiometric optode
and a consumer RGB camera) and chemical imaging of cationic
trace metals (Mn?*, Cd**, Zn**, Cu®', Fe**, Ni**, AI’*, Co*', and
Pb**) as shown in Figure 54B. The latter was realized using
diffusive gradients in thin films''*” with subsequent analysis of
the bound solutes by laser ablation inductively coupled plasma
mass spectrometry. A sensor consisted of a thin (<100 mm)
hydrogel film containing anion and cation binding materials, a
fluorescent dichlorofluorescein-based pH indicator, and red-
emitting reference particles. The experiments demonstrated
clear increase in the concentration of several ions (such as Mn**,
Figure 54B) in the rhizosphere due to proton-induced
dissolution of metal oxides (Figure $4B). The method was
later extended to different plant species and combined imaging
of pH and cations with chemical imaging of labile
phosphorus.'"**

15.4. Sensing and Imaging of pH Values in Oceanography
and Marine Biology

Such sensors have to be compact enough to be installed on
different platforms, enable autonomous sampling and trans-
mission of the data, and possess precision of better than 0.002
pH units''*’ to enable comparison of data obtained from
different locations and time periods. Currently, such precision
can only be achieved with systems based on spectrophotometric
read-out using dissolved indicators, such as m-cresol
purple.''*>"'%% A pointed out in the section on effects of
ionic strength (section 1.6), the varying salinity of samples can
heavily compromise the precision of such measurements.''”
One of the first studies was presented by Monici et al.*> who
reported a fiber optic pH sensor for seawater monitoring.
Present day (commercial) sensors are still rather bulky (weight
of several kilograms).''>" Several groups have attempted to
design/adapt pH optodes for oceanographic applications.
Almost three decades ago, Serra et al. designed a colorimetric
fiber-optic sensor for seawater measurements,*’® which however
had moderate reproducibility. Clarke et al."*° investigated a
commercial pH sensitive sensor spot in a custom-made setup
including a LED for the excitation, dichroic beam splitter, and a
photomultiplier. The sensor showed a precision of 0.0074 pH
units, moderate salinity cross-talk (—0.01 pH/PSU in the
salinity range 5—35), a drift of 0.06 pH units in 4 weeks, and
good photostability. On the other hand, the limitations included
strong cross-talk to temperature (—0.046 pH/K for temperature
range from S to 25 °C) and the pK, value of 6.93 at 20 °C, which
is about 1 unit below the value optimal for oceanographic
applications.

Staudinger et al.>*” reported an optode system specially
designed for oceanographic applications. It consists of a read-out
module and screwable caps with the sensing materials (Figure
SSA). The compact reader (length = 154 mm, weight = 970 g)
includes an optoelectronic unit, logger, and battery positioned
into a pressure-resistant housing and enables autonomous
measurements down to 500 m depth. It can be deployed for 1
year, with data provided in intervals of 30 s. The interchangeable
sensor caps enable measurements of pH, dissolved oxygen, or
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Figure 56. (A) Simultaneous monitoring of pH, carbon dioxide, and oxygen with a fiber-optic multiparameter sensor during fermentation of beer.
Reprinted from ref 429 with permission from Elsevier. Copyright Elsevier B.V. 1997. (B) Photograph of a 24-channel SensorDish reader from PreSens
on a shaker (left) and cross-section of a well of a microplate with the sensor in its bottom. Reprinted with permission from ref 93 Copyright Wiley
Periodicals, Inc., 2008. (C) Scheme for the preparation of a sprayable sensor using a thermogelating hydrogel and its application. Reprinted from ref

127 with permission from Elsevier. Copyright Elsevier B.V. 2015.

dissolved carbon dioxide with the same reader, which is expected
to significantly reduce the manufacturing and deployment costs.
The pH material based on a far-red aza-BODIPY indicator in a
cross-linked hydrogel features almost ideal pK, value of 8.05,
high precision (0.0023 pH units at pH 8.02), low temperature
cross-talk (—0.0114 pH/K), negligible cross-talk to salinities
from 15 to 35, and high stability (no drift within 54 days at 10 °C
and a drift of 0.0021 pH units/day at 25 °C)."** Later version of
the optode system allowing measurements up to 4000 m depth is
commercially available from PyroScience (www.pyroscience.
com).

In contrast to the pH sensors developed for oceanography,
very high precision and stability are not mandatory for short-
term applications of optodes in marine biology. Several state-of-
the-art systems fulfill the necessary requirements. pH optodes
have been used particularly often for studies involving
photosynthetic organisms since photosynthetic activity con-
sumes carbon dioxide and thus leads to an increase of pH, while
decomposition of organic matter has the opposite effect. Many
pH optodes have been designed for imaging of marine
sediments. Sensors using HPTS as an indicator embedded in
cellulose acetate are far from optimal (pK, = 6.4)*”° and also
suffer, not surprisingly, from high cross-talk to salinity. The
response of covalently immobilized HPTS?””*° was better with
respect to the dynamic range (pK, = 7.06), and the sensor
showed more favorable properties (good chemical stability,
absence of dye leaching, acceptable cross-talk to salinity), but
the “sensing chemistry” was not well described. The group of
Klimant'*® reported on a pH optode based on a lipophilic
fluorescein derivative with an almost ideal pK, value of 8.3. The
main drawback of the sensor is the poor photostability of the
fluorescein chromophore.
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Larsen et al.’’* described a ratiometric pH sensor layer for
imaging with a digital camera. A light-harvesting system
composed of a green-emitting coumarin dye (the energy
donor) and yellow-emitting lipophilic HPTS derivative (the
energy acceptor) showed response from pH 6 to 9, which makes
it suitable for imaging sea sediments (Figure SSB). Specially
designed software and hardware (now commercially available)
makes it possible to control the illumination with photodiodes
and to use virtually any consumer RGB camera for imaging. Han
et al.””' report on a ratiometric optode for imaging slightly
alkaline sediments. It is making use of an indicator immobilized
in PVC (pK; of 9.0 at 15 °C). Good correlation between the
profiles obtained with the optode and microelectrode was
observed. The drawback of the sensor is rather strong
temperature cross-talk (~0.04 pH units/K).

Similar to sediments, planar optodes have been used for pH
imaging in marine photosynthetic microbial mats’' and
rhizosphere of seagrass.1153 In both cases, the sensor based on
the indicator aza-BODIPY (section 4.1) showing optimal pK;
value of 8.0 and excellent photostability was used. The NIR
emission of the pH indicator allowed for simultaneous imaging
of pH and oxygen distribution with the dual optode.”*' Planar
optodes in combination with a commercial camera were applied
for imaging of pH, oxygen, and carbon dioxide in rhizosphere of
a saltmarsh plant.””* A pH-optode based on an imaging fiber was
used for imaging the release of acids from sea urchin eggs, which
was induced by fertilization."">* The group of Kiihl explored an
alternative approach to imaging pH and oxygen in the
rhizosphere of seagrass with help of nanoparticles dispersed in
an artificial sediment.''>> The same group investigated the
photobiology of a didemnid ascidian containing symbiotic
cyanobacterium Prochloron.''** Upon light exposure strong
increase in pH and production of oxygen in the regions
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containing the cyanobacterium was observed via imaging
(Figure SSC). Also the same group used a fiber-optic pH
microsensor to sense pH values in the gastric cavity of corals."’

15.5. Sensing and Imaging of pH Values in Biotechnology

Agayn and Walt''*® published one of the earliest reports on

application of pH optodes for monitoring of bacterial
fermentation (Escherichia coli). A fiber-optic sensor based on
fluorescein immobilized in pHEMA matrix showed excellent
performance in the complex fermentation media and survived
steam sterilization without significant alteration of the proper-
ties. Shortly later, a triple sensor was described’® for measure-
ment of pH, CO,, and oxygen in bioreactors. Sample fluid was
continuously passed through an external flow cell containing the
sensors. This reduces the risk of contamination of the bioreactor.
However, it is more common now to integrate planar optical
sensors into shake flasks and bioreactors, and such products are
commercially available. Despite this, other tools (glass pH
electrode, ISFET) are still used in many applications. This is
explained by the fact that special versions of electrodes offered
by main manufactures tolerate harsh cleaning-in-place (CIP)
conditions (e.g, 2% NaOH and 80 °C), a process commonly
used for cleaning equipment in biotech, pharma, food, and
beverage industries. Hardly any state-of-the-art pH optode can
survive such conditions without drift due to degradation of the
indicator or the matrix. However, most pH optodes tolerate mild
sterilization methods including sterilization by steam,''>
radiation, or H,O, or simply by dry heat (at 160 °C for 45
min).""" A dual excitation ratiometric fluorescent pH sensor was
used for noninvasive bioprocess monitoring.”* The fluorescent
indicator 8-hydroxy-1,3,6-pyrene trisulfonate was immobilized
onto a basic anion exchanger and entrapped into a proton-
permeable hydrogel layer. The sensor responded within <9 min
and fully reversibly, is sterilizable and can be used for online
monitoring of the pH value of an E. coli culture. Continuous pH
monitoring in a perfused bioreactor system using an optical fiber
pH sensor was also demonstrated.' "’

On the other hand, extreme chemical stability is not needed
for application of optodes in microbioreactor systems. Here,
optodes offer several unique advantages such as being small
(allowing for integration of optodes for different parameters in a
single microwell) and low-cost (making the sensors disposable).
Most optodes are resistant to sterilization with y or f radiation
and some to sterilization by steam in autoclaves.''' Several
combined sensor/micro bioreactor systems are available from
different manufactures (such as BioLector from m2p-laborato-
ries, ambr 15 system from Sartorius, micro-Matrix from
Applikon Biotechnology, bioREACTOR from 2mag). They
utilize pH and pO, optodes integrated into microplates and
minireactors with culture volumes varying from 0.8 to 15 mL.
Instrumentation relies on sensors from PreSens (Regensburg,
Germany). PreSens also offers a line of products for
biotechnology including a microplate system in 24-well format
(SensorDish, Figure 56B).""*® Other sensor/microbioreactor
systems include incubator shaker systems for cultivation and
measurement in up to 96 plastic cultivation tubes and shake
flasks of larger volume equipped with pH and pO, sensor
spots.''>” These commercial systems have been used in
numerous studies, for instance for microorganism cultiva-
tion,“éo’1161 strain sc1'eening,“62’1163 rapid process optimiza-
tion,' 1> 197119 and recombinant protein production'®” to
mention only a few. The main limitation of the above systems is
the measurement range from pH 5.5 to 8.0, which does not cover

all potential applications. To address this issue, Janzen et al.
presented a pH sensor based on chlorinated fluorescein
derivative showing dynamic range from ~4—7 and demon-
strated its applicability for anaerobic production of acetone,
butanol, and ethanol.''®® Unfortunately, application of the
sensors in complex medium resulted in a drastic reduction of
resolution and dynamic range.

pH values often are measured along with metabolic
parameters, such as pO, and pCO, (Figure 56).”*° A dual
sensor was described for simultaneous monitoring of pH and
oxygen during bacterial fermentation.”> An agarose-coated Petri
dish with immobilized pH sensitive nanoparticles was used to
image bacterial growth and metabolism with help of an RGB
camera.’’' In later work, the same group'’’ used the
thermogelating properties of the polymer block-co-polymer
Poloxamer407 to spraycoat the Petri dish with a pH sensing
layer. pH sensor microparticles were dispersed in the polymer
and sprayed on the surface of the Petri dish at below 25 °C
(Figure S6C). At these temperatures, the sensor “cocktail”
remains fluid and yet adheres well. If temperature is risen to
above 25 °C, the gels form a thin and soft but solid sensing film.
The method was applied to monitor pH changes caused by the
growth and metabolism of a culture of the pathogen Staph-
ylococcus aureus. Rao and co-workers integrated optical pH
sensors (hydrogel-immobilized 6,8-dihydroxypyrene-1,3-disul-
fonic acid or Dowex-immobilized HPTS) and oxygen sensors in
(micro)bioreactors for mammalian cell culture,'*”*** cultiva-
tion of E. coli**”""*"'7? and effective clone selection."'”" Good
agreement was found between values obtained by optodes and
electrodes, respectively.'”

Although microbioreactors and microplates already allow for
dramatic reduction of sample volume compared to shake flasks
and lab-scale bioreactor systems, even further miniaturization is
possible with microfluidic devices (see section 15.8 for more
details). Similar to microbioreactors, optical pH sensors have
been integrated into microfluidic devices and used for
bioprocess monitoring.1172

Biocatalytic synthesis of fine chemicals often is performed in
continuous manner employing enzymes immobilized on
insoluble porous carrier particles. In this application, measure-
ment of pH in solution surrounding the particles does not
provide desired information about optimal conditions since pH
inside the particle may vary considerably from the bulk. The
approach proposed by Nidetzky and co-workers addresses this
issue by monitoring of local pH with help of enzyme-modified
beads (Sepabeads EC-EP) that are stained with a fluorescent pH
indicator (or Yellow Fluorescent Protein) and phosphorescent
reference material.'*”"'7>! 7%

15.6. pH Sensors as Transducers in Biosensors

Many enzymatic reactions involve the formation or con-
sumption of protons and, therefore, can be indirectly monitored
with the help of pH sensors. Respective biosensors are
composed of a pH sensing layer (typically in the form of a
planar optode or a fiber-optic microsensor) and a second layer
containing immobilized enzyme. Even better, both components
are contained in a single layer, for instance in the form of micro-
or nanoparticles. Typical enzymes include glucose oxidase,
penicillinase, urease, acetylcholine esterase and organophos-
phorus hydrolase. It has to be stated here that enzymatic
biosensors with pH transduction suffer from two limitations.
The first is the varying buffer capacity of an unknown sample,
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and the second is the unknown initial pH value of an untreated
unknown sample.

Glucose biosensors utilizing optical pH sensors explore
classical indicator chemistry,”” utilize pH-dependent absorption
changes of polyaniline (section 7.2 on conjugated poly-
mers),"'”> or the swelling of amino-modified hzrdrogel as
induced by pH changes.”” Biosensors for penicillin’ 1761181
utilize hydrolysis of the antibiotic catalyzed by penicillinase (-
lactamase). This results in the formation of penicilloic acid and
therefore a drop of the pH value. Alternatively, penicillin-G-
amidase may be used.''®* Ammonia and carbon dioxide are
formed upon enzymatic hydrolysis of urea in the presence of
urease. This was utilized in numerous biosensors for urea based
on optical pH transduction.*"””?9 11371195 gy ch biosensors
can, in principle, also be used for analysis of metal ions due to
their inhibitory action on the activity of urease.''””> Ammonia
and CO, also are formed on hydrolysis of creatinine in the
presence of creatinine deiminase which was used for detection of
this analyte with help of an optical pH transducer.''** The pH
change associated with the production of phosphoric acid upon
hydrolysis of p-nitrophenyl phosphate catalyzed by alkaline
phosphatase was utilized by Koh and Pischko in an enzyme
activity essay.''”> A biosensor for the herbicide atrazine based
on optical pH transduction utilizes the enzyme glutathione S-
transferase, which catalyzes the reaction of atrazine with
glutathione and results in the release of protons.''*®

Hydrolysis of acetylcholine, catalyzed by acetylcholinesterase
(AChE) and resulting in formation of choline and acetic acid,
can be utilized to detect acetylcholine with help of an optical pH
transducer,''*>! 1911971198 A] these methods work irreversibly
and can be hardly applied to online sensing. The same detection
scheme was used in assays for organophosphorus compounds
(pesticides and warfare agents), which inhibit the action of
AChE 0% 11881199,1200 The gelectivity of these methods is poor
since action of AChE is inhibited by a wide variety of other toxic
compounds and heavy metal ions. Methods based on organo-
phosphorus hydrolase offer much better specificity than those
utilizing AChE. The enzyme catalyzes hydrolysis of various
organophosphate esters, including pesticides and chemical
warfare agents, resulting in a pH change. Several sensors
utilizing this enzyme in combination with an optical pH
transducer have been reported.'”’"'*°> A biosensor for
antiglaucoma drug acetazolamide based on inhibition of
bicarbonate dehydration catalyzed by carbonic anhydrase was
also described.'””* Enzyme-based test stripes for rapid visual or
photographic detection of gaseous sulfur mustard by using a
hydrolase immobilized on a commercial pH test strip were
reported.'***

15.7. pH Sensors as Transducers in Chemical Sensors

Optical sensors for pH values also were used to quantify acidic or
basic chemical species including carbon dioxide, sulfur dioxide,
ammonia, and amines. In all these approaches, an existing pH
sensor is covered with (or incorporated into) a gas-permeable
but proton-impermeable matrix, such as silicone. Typically, the
pH sensor consists of a microbead soaked with a solution of a pH
indicator probe (such as phenol red or bromothymol blue) in a
weak buffer. The pK, value of the buffer has to be adjusted to the
pK, value of analyte gas (whether acidic or basic), and the
capacity of the buffer governs the analytical range. Strong buffers
yield wider analytical ranges, but detection limits are higher. The
approach has the advantage in enabling both gaseous and
dissolved gases to be determined. Sensors based on this
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analytical scheme have been reported for carbon dioxide, HCI
gas, sulfur dioxide, and ammonia, to give a few examples only.
Table S21 summarizes representative examples of pH sensors
used as transducers in such sensors.

Optical sensing schemes for pH values may also be used to
sense anions or cations via the so-called coextraction or ion-
exchange mechanisms, respectively. In this case, lipophilic pH
indicators are preferably used. In simplified terms, the
coextraction method relies on the extraction of an anion by an
anion carrier, such as dodecyltributylammonium ion into a
plasticized polymer membrane, which is accompanied by the
coextraction of a proton for electroneutrality reasons. The
coextracted proton will protonate a lipophilic pH indicator dye
also contained in the sensor matrix, and this will cause a
detectable color change. The ion-exchange mechanisms relies
on the extraction of a cation by a carrier such as a crown ether or
valinomycin into a plasticized membrane. To maintain electro-
neutrality, a proton is released from a lipophilic pH indicator dye
also contained in the sensor matrix, and this will also cause a
color change. Table S21 also summarizes representative
examples of pH sensors used as transducers in optical sensors
for cations. Both the coextraction and ion-exchange mechanisms
make use of highly lipophilic indicators to warrant solubility in
plasticized PVC or ethyl cellulose. Chemical formulas are given
in Figure 57. Such lipophilic pH indicators can be used, in
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Figure 57. Chemical formula of representative lipophilic pH indicators
for use in sensors for pH values and ions.

principle, in optical sensor strips for pH values but were mainly
used in sensors for ions, such as K, in serum. MEDPIN [7-(n-
decyl)-2-methyl-4-(3,5-dichlorophen-4-one)-indonaphth-1-ol]
was long used in a test commercialized by Ames-Miles.'”%" Its
color reversibly changes from orange to pink to blue. The color
of the Nile Blue derived probes ETH 5350 or ETH 5418
changes from red to purPle to blue,*>*”*°° that of KFU 11 from
yellow to green to blue, *°” and that of KFU 22 from blue-green
(684 nm) to yellow (420 nm).*

15.8. Integration of pH Sensors into Flow-Injection
Analyzers, Microfluidic Devices, and Lab-on-a-Chip
Systems

Flow-injection analysis (FIA) is a popular and mature tool for
high-throughput chemical and biochemical analysis. Various
commercial systems are available and can be adapted to
numerous kinds of analytical challenges. Numerous (bio)-
analytical methods are available. Notably, FIA also is a perfect
tool to calibrate optical sensors and to establish the response
functions of newly designed sensors. Early uses of pH sensors as
detectors in FIA have been reviewed.'”’® A small-volume fiber-
optic pH sensor based on evanescent wave excitation and
fluorometric detection was adapted such that it can be placed in
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a FIA analyzer.””"” The sensor was fabricated by inserting a
declad fiber into a transparent capillary tube. The microchannel
between the optical fiber and the capillary inner wall acts as the
flow cell. Flow injection was also used to sense urea via its
enzymatic decomposition to ammonium and carbonate and to
determine the activity of the enzyme urease.'*'

The first microfluidic system of that kind was a product that is
on the market ever since 1985. It enables measurement of the
pH value and of several other parameters of whole blood (not
serum!) via optical sensors placed, one by one, along a
microfluidic channel (Figure 52). Blood is injected at one end.
On its way to the reservoir at the end contacts the sensors spots
as shown. It consists of a microfluidic system comprising an
entrance port, flow channels with integrated sensor spots, and a
reservoir for excess blood. The channels in the kit come filled
with a fluid that is used for 1-point calibration of the sensors
spots prior to filling them with a blood sample.

Seemingly simply, the integration of the sensors in a
microfluidic chip can be a challenging task since chip materials
vary from very hydrophobic (cross-linked polydimethylsiloxane,
poly(methyl methacrylate), cyclic polyolefins, such as Zeonor or
Topas), to very hydrophilic (glass). In case of pH sensors, good
adhesion of the sensing layer on the support is mandatory. This
is often accomplished via surface pretreatment or covalent
linkage to the surface. The choice of sensing materials and the
deposition method is also determined by the technique used to
seal and bond the chip. Heat, organic solvents, or UV light as
required during the bonding step'*'" may adversely affect the
sensor properties or even lead to malfunction.

Microfluidic channels were functionalized with mesoporous
silica films and subsequently surface-modified with covalently
linked fluorescein (Figure 58A)."*'* Also, polyaniline nanofibers
were incorporated into microchannels of a flexible PDMS chip
for colorimetric visualization of pH gradients (Figure 58B),"*"
and oxygen and pH sensor arrays for lab-on-a-chip devices were
produced by a microfabrication technique.'*"* Commercially
available microfluidic devices made out of glass can be equipped
with pH sensor spots by maskless photopolymerization of
suitable prepolymers inside the devices. The method does not
require any microfabrication methods and only requires a
microscope and a UV—LED.""”*

Microfluidic devices and lab-on-a-chip systems allow for even
further miniaturization of microbioreactors.”* Optical pH
sensors integrated into microfluidic devices have also been
used for fast pesticide detection'”'® and for rapid screening of
antibiotics.'>'® These systems rely on inhibition of metabolism
of algae and E. coli, respectively. Microarrays for simultaneous
measurement of pH values and solvent polarity'*'” and
simultaneous sensing of pH and glucose have also been
reported.'”'® Alternatively, microfluidic channels may be
modified with pH-sensitive microparticles''”~"**" for example
in predrilled holes.'**" Nanoparticles were also dispersed in the
flowing s,ample.su’703 In this approach, laborious integration of
sensor spots inside the chip is not required so that the
commercially available microfluidic chips and particles can be
used.

Optical pH sensors integrated into microfluidic chips and
flow-injection analysis have also been used for monitoring
enzymatic reactions. These sensors are essentially biosensors
with optical pH transduction (see section 15.6). The indicator
SNAFL-1 was conjugated to alkaline phosphatase (ALP) in
PEG-diacrylate-based hydrogel microstructures (Figure
58C)."'? ALP hydrolyzes p-nitrophenyl phosphate to produce

Increasing pH

position [mm]

Figure 58. Examples of optical pH sensors integrated into microfluidic
devices. (A) pH response of sol—gel immobilized fluorescein in
microfluidic channels of a patterned fluidic system. Reprinted by
permission from Springer Nature from ref 1212. Copyright Springer
Nature 2000. (B) Absorptiometric sensing with polyaniline nanofibers
integrated into microfluidic channels of a flexible chip. Adapted with
permission of The Royal Society of Chemistry from ref 1213. Copyright
The Royal Society of Chemistry 2013. Permission conveyed through
Copyright Clearance Center, Inc. (C) Fluorescence images of
ratiometric pH sensor spots exposed to different pH. Adapted from
ref 1195 with permission from Elsevier. Copyright Elsevier B.V. 2004.
(D) Fluorescence image of a chip for isoelectric focusing with
integrated pH layer. Adapted with permission of The Royal Society
of Chemistry from ref 988. Copyright The Royal Society of Chemistry
2013. Permission conveyed through Copyright Clearance Center, Inc.
(E) Simultaneous pH gradient observation and separation of
fluorescently labeled proteins lactalbumin (La), lactoglobulic (Lg),
and myoglobin (My). Adapted from ref 588 with public license.
Published by The Royal Society of Chemistry.

phosphoric acid, which lowers the pH value. The authors also
realized a microfluidic biosensor for urea by substituting alkaline
phosphatase with urease. In this case, the pH value is increased
because of the formation of ammonia. In a different approach,
the microfluidic chip was modified only with pH sensors; the
enzyme and the substrate were supplied separately.'”** The
authors monitored synthesis of L-erythrulose from hydroxypyr-
uvate and glycolaldehyde catalyzed by transketolase and
decomposition of penicillin G into 6-amino penicillanic acid
and phenyl acetic acid catalyzed by penicillin G acylase, which
are associated with pH changes.

Nagl and co-workers integrated fluorescent pH sensors into
microfluidic chisps for a})plication in isoelectric focusing (Figure
58D, E).!#8588,992,988,1225,122% 1) thig high-resolution variant of
electrophoresis, different molecules (typically proteins) are
separated due to differences in their isoelectric point (i.e., the pH
value at which the molecule has no net charge).The pH gradient
created in the gel, together with an applied electrical field, causes
migration of the molecules to the position where the isoelectric
point is reached. Optical pH sensors were used for direct
visualization of the pH gradient. The authors prepared sensor
arrays via multistep liquid photolithography on the basis of
cross-linked oligo(ethylene glycol diacrylate) hydrogels utilizing
fluorescein' ***7>*** and HPTS* as indicators. They were
covalently coupled to pHEMA to avoid leaching.””* In further
work, the pH sensitive layer was prepared usin§ a photo-
polymerizable far red perylene bisimide indicator'** incorpo-
rated into cross-linked poly(acryloylmorpholine) hydro-
gel.>*¥'*** pH sensing in the far red spectral range enabled

https://dx.doi.org/10.1021/acs.chemrev.0c00451
Chem. Rev. 2020, 120, 12357—12489


https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig58&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig58&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig58&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.0c00451?fig=fig58&ref=pdf
pubs.acs.org/CR?ref=pdf
https://dx.doi.org/10.1021/acs.chemrev.0c00451?ref=pdf

Chemical Reviews

pubs.acs.org/CR

on-chip labeling of proteins and peptides with fluorescent dyes
emitting in visible part of the spectrum and, therefore,
visualization of the labeled biomolecules without spectral
interference with the pH sensor.”®® Various kinds of micro-
channel based systems (referred to as SensorPlugs) for
parameters, such as pH value, oxygen, and carbon dioxide, and
an imager (referred to as VisiSens), are commercially available
(PreSens) for sensing or imaging, such culture parameters inside
microfluidic chips.

15.9. pH Sensors in Food Packaging

The research on intelligent food packaging has seen
considerable growth in the last years.'*** In intelligent packaging
the main function to maintain the quality of the product for
extended period of time is complemented by its ability to
indicate the changes in the quality. This is often done with help
of integrated indicators and sensors because deterioration of
food is accompanied by characteristic changes in chemical
parameters. Food spoilage can be indicated by change in the gas
composition of the headspace (oxygen, carbon dioxide,
ammonia). pH represents another important parameter since
spoilage of meat and fish is known to result in the increase of the
pH value.'*** For instance, spoilage of pork and beef meat is
accompanied by increase of pH from about 5.1-6.1 to 7.2—
7.4.122>122% Optical sensors are particularly interesting for
application in intelligent food packaging due to their ability to
operate nondestructively and allow straightforward visualization
of changes in the product quality though transparent packaging.
Evidently, safety is of utmost importance: the sensors should
either not be in contact with food (that is of course not feasible
for sensing of pH value) or be nontoxic if contamination with the
components of the sensing material may occur. In case of pH
sensors for food packaging applications, two main types of
materials can be distinguished. The first and largest group of
materials relies on absorptiometric indicators and immobiliza-
tion matrices of natural origin. Typically, these materials are
harmless and even edible. Examples of indicators include
extracts from blueberries,"**”'**® mulberries,'**’ grape
skin, 1?30 red cabbage,1231 black carrot,'*** sweet gota—
to,lz‘%’1234 nutmeg,1235 jamun,]235 Lycium ruthenicum,123 and
curcumin that originate from food but also plants
(litmus,'*** alizarin'**”) or even microalgae.'”*" These were
embedded into gelatin,1237 chitosan,>*!/1227,1229,1233
starch'**®'*** from different sources, bacterial cellulose,
starch-cellulose composites,'”*” tamarind seed polysacchar-
ide,"”*® tara gum,'”*" poly(lactic acid)-poly(ethylene oxide)
blends,"*** and K—carrageenan.1236 One can summarize that (i)
these materials are mostly intended for visual indication of food
freshness and not for precise pH measurements. Moreover, only
some of the immobilized dyes show distinct color response, such
as, for example, transition from a red-colored form in the acidic
conditions to a green-colored form in the basic;'*** (ii) the
choice of indicators often is determined by their local
availability. The utilized indicators mostly belong to anthocya-
nine dyes. These, however, may strongly vary in the
absorptiometric response, chemical stability and photostability.
For instance, anthocyanins extracted from red cabbage were
found to be more stable and photostable than anthocyanins
extracted from black beans; (iii) all the indicators are essentially
water-soluble and may leach out of the sensor foil.'**!
Unfortunately, evaluation of the stability of the sensors in
respect to leaching, storage in darkness, and upon exposure to
light was not performed in most cases.
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Less numerous group of materials represents synthetic dyes
covalently embedded into natural matrices using established dye
chemistry. These include, for instance, aza-dyes covalently
attached to regenerated cellulose'”*" or aza-anthraquinone
hybrid dyes coupled to a paper support'>** and of course other
dyes, such as vinylsulfonyl reactive aza-dyes,'” can be used as
well. Common for these materials is very distinct color response
and suitability for ratiometric two wavelength read-out, absence
of dye leaching and high chemical and photochemical stability of
the immobilized indicators. A fluorescent sensor based on
SNARF-1 pH indicator should also be mentioned.””” The
sensor showed high accuracy of 0.12 pH units and reliably
detected fish spoilage via the pH increase; however, the indicator
was not covalently embedded into the matrix material.

Application of optical pH sensors in food packaging is not
limited to direct measurement of pH value. pH sensors are
utilized as transducers in other sensors (see section 15.7 for
more details), and these, in turn, can be applied to monitor food
freshness. Sensors detecting ammonia and volatile
amines'***"*** that evolve durin§ fish and meat spoilage, as
well as carbon dioxide sensors,'**" can be particularly useful.

15.10. Corrosion Studies and Monitoring of pH Values in
Concrete

Corrosion is accompanied by local changes of pH values. Walt
and co-workers™*' demonstrated suitability of an optical pH
sensor for monitoring different types of corrosion. They used a
fiber-optic array containing a pH sensing material on the distal
end of the fiber, which is capable of simultaneous sample
visualization and pH imaging.

The pH of concrete is usually between 12.5 and 13 and the
most severe concrete damages are associated with dropping of
the alkalinity level due several reasons including chloride ingress,
carbonation or acid attack.'*** Decrease of pH is associated with
corrosion of steel reinforcing elements, which are originally
protected by a passivating oxide layer. Since these elements are
passivated only at pH values above 9,'>* reliable monitoring of
pH in concrete in pH range from pH 9 to 13 is important. Fiber-
optic sensors provide unique advantages in being compact and
cheap, but the need for the long-term stability of the sensor
material is challenging. Several absorptiometric sensors based on
immobilized azo-dyes,'**’ triphenylmethane dyes'*** and other
indicators'**® have been investigated. Dantan and co-work-
ers'**® concluded that among many investigated indicators
available for the basic pH range only a few possess the required
stability. A functional pH sensor has been configured by using a
commercial fiber optic reflectometer and a “sensing chemistry”
composed of thymol blue immobilized on Amberlite microbe-
ads and optically isolated with a white layer of TiO, particles
incorporated into a polymer film. The sensor showed good
response in the pH 9—12 range and worked for one year as
demonstrated for a concrete anchor in a harbor. A fluorescent
fiber-optic sensor for pH monitoring in concrete was
described.'”” Tt is based on a fluorescent coumarin indicator
covalently embedded into cross-linked polymeric beads. The
sensor showed a pK, value of 11.9 and long-term stability, but no
measurement in concrete was demonstrated.

In contrast to the fiber-optic sensors suitable for point
measurements only, planar optodes allow for 2D mapping of pH
distribution on surfaces and, therefore, can provide deeper
insights in degradation of such heterogeneous material as
concrete. Liu et al.”>> demonstrated pH mapping on concrete
surfaces with the help of a platinum porpholactone indicator
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Figure 59. Examples of pH imaging in concrete samples. (A) Pseudocolor images of pH distribution in cement paste specimens at various degrees of
carbonation Adapted from ref 333 with permission from Elsevier. Copyright Elsevier, Ltd., 2017. The sensing composition containing a highly viscous
solution of an absorptiometric indicator in a mixture of polymers and surfactants was spread over the concrete surface. (B) pH imaging with a planar
optode in concrete specimen previously exposed to accelerated carbonation. (B-A) pH image of the sample recorded with t-DLR imaging technique.
(B-B) Photographic image of the concrete surface used for pH imaging. (B-C) Combined image of B-A and B-B including reference pH measurements
using a flat surface electrode. Reprinted from ref 997 with permission from Elsevier. Copyright Elsevier Ltd. 2018.

(section 12.1) embedded into poly(vinyl alcohol) along with a
surfactant. The sensor with a ratiometric absorptiometric
response was read out with a digital camera (Figure S9A). A
dually lifetime referenced pH optode (section 2.2.7) uses a
hydrogel-immobilized fluorescent aza-BODIPY pH indicator
(section 12.1) in combination with a phosphorescent reference
dye.””” High-resolution pH imaging on concrete surfaces
revealed strong microscale pH variations within the core regions
attributed to the heterogenic mineralogy of the concrete
specimens (Figure S9B). In later work, the same group extended
the dynamic range of the sensor to 6 units (pH 6.5—12.6) by
using a mixture of two pH indicators with different pK,
values.'**’ Also an aza-BODIPY pH indicator was used in a
ratiometric approach using a single-lens reflex camera instead of
a gated CCD camera.'”*" The system was used to characterize
the pH of porewater within cracks of self-healing concrete
materials. It enabled imaging of pH with a high resolution (50
um per pixel) and a gradient of 1.4 pH units per 1 mm.

16. CHALLENGES

Notwithstanding the success of the various optical methods for
sensing pH values, substantial challenges remain to be solved.
These can be classified into two groups, namely, challenges of
general nature and challenges of specific nature.

16.1. Challenges of General Nature

The main challenge of all sensors, be they based on the use of
indicators or of swellable polymers, is the inherent sensitivity of
pH optical sensors to ionic strength (IS). If good accuracy is
required, compensation of the effect of ionic strength is
indispensable. In case of sensors for blood pH values (which is
the largest application in clinical chemistry), an accuracy of
+0.01 pH units is required. Since blood electrolyte concen-
trations vary a lot and are mainly governed by the concentration
of sodium ion, the effect of IS can be adequately compensated
for by measurement of the concentration of Na* (which is
wishful anyway) and by correcting pH values for its effect by
using proper algorithms. This is a generally applicable method
(that may also work for estuary waters) but requires a second if
not third sensor. If larger inaccuracies are acceptable, the use of
sensors with low sensitivity to IS (as described in previous
sections) is recommended. For some reasons, pH sensors based
on the use of reversibly protonable/deprotonable (often

referred to as swellable) polymers are more sensitive to IS
than most indicator based sensors.

Temperature is the second important parameter that affects
accuracy. Any sensor for pH values also is a sensor for
temperature. If possible, the sample should be thermostated to
+1 °C.If not, one has to be aware of the fact that wrong data may
be obtained, or temporal drifts may be encountered even at
constant pH values.

In case of small sample volumes, one may face the so-called
indicator error. In simplified wording, this term refers to the fact
that the indicator itself is a (weak) buffer. The same is true for
any (de)protonable (and thus swellable) polymer or conductive
polymers. The local charge density of both indicator-based
sensor layers or—even more so—of (de)protonable polymers
can be high, and if small volumes of unbuffered samples are used,
the indicator error results in a biased pH measurement. The
effect also can be critical (a) in case of unstirred and viscous
samples where diffusion of protons and pH equilibration are
slow and (b) in intracellular measurements where sample
volumes are quite small. One should be aware of the fact that at
pH 7.0 a cell with a typical diameter of 1 ym contains around 30
protons only. By ignoring intracellular buffer capacity, one may
state that a substantial fraction of protons will be bound by
adding a nanosensor containing only a few transducer
molecules.

Indicator-based sensors suffer from leaching unless the
indicator is firmly retained. However, excellent methods are
known to prevent this. Hence, it is not a major challenge any
longer. However, all indicator based sensors (unlike swellable
polymer based sensors) also suffer from some bleaching, and this
can be problematic if sensors are supposed to work over long
time or are optically interrogated in short intervals. Bleaching
can only be retarded but not suppressed. Organic dyes are more
prone to bleaching than inorganic fluorophores like, for example,
many quantum dots. Stabilizers, such as diazabicyclooctane
(DABCO) or carotene, that are capable of decomposing singlet
oxygen formed by the action of some indicators are useful (see
section 9.5). Indicators like fluorescein are hardly useful in
sensors because they photobleach rather quickly.

On the other hand, optical sensors based on the use of
swellable polymers suffer from other disadvantages. Such
polymers usually contain numerous protonable sites, and this
makes them particularly sensitive to changes in ionic strength
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(IS) for two reasons: First, the pK, value of the system changes
with IS, depending on whether charges change from cationic to
neutral (for example ammonium groups in polyethyleneimine),
or from neutral to anionic (such as in polyacrylic acid). Hence,
titration plots strongly shift with IS. Secondly, the extent of
swelling also depends on IS. In case of sensors based on
measurement of refractive index (SPR included), this is a
disastrous interference. Unfortunately, most studies on such
sensors ignore such potential effects. The same is true for the
effect of organic solvents on refractive index (RI), less so on pK,
values. For example, ethanol — even if present in fractions of
only 0.1% — affects the RI such that it fakes a change in local pH
value even if it remains constant. These are major reasons why
practically all optical sensors based on the use of swellable
polymers are not suited for general purpose pH sensing but
limited to highly specific situations. Sensors based on the use of
optical indicator probes are much less interfered by sample IS or
RI

Sterilization is an issue that relates to all pH sensors for use in
vivo and in biotechnology. No perfect method is known for
sterilization but heat treatment (autoclaving) is most common.
However, many sensors undergo a change in their calibration
plot if exposed to steam of temperatures near 130 °C, which is
typical for heat sterilization. Sterilization with ethylene oxide
(EO) is not recommended because EO is carcinogenic and also
can react with hydroxy groups of indicators. The stability of
many published pH indicators to sterilization with f- or y-
radiation is unknown.

If intended for later use, sensors usually are stored in buffers
containing azide or thimerosal. This also prevents biofouling. In
case of biotechnology, the option for contactless sensing turns
out to be a unique feature of optical sensors. The sensor
membrane can be placed on the inner wall of the window of a
reactor and then interrogated through the window. Sterilization,
calibration (with sterile buffers) and optical readout then be
performed without the need for displacement of the sensors.
The same is true for T-shaped sensors in flow-through cells as
shown in Figure 2. A commercially available pH sensor
membrane is available that is claimed to be sterilizable without
the need for subsequent recalibration and yet retaining high
precision and accuracy. However, most sensors described in the
literature have not been studied in this respect even if intended
for use in medicine or bioprocess monitoring.

16.2. Challenges of Specific Nature

Optical sensors for use in blood and serum work well because
samples are well buffered and the effect of ionic strength can be
compensated for as described above. Rather, sensors for blood
pH values suffer from blood clotting, coating with protein and
fouling, the latter two in case of online use. Clotting can be
widely eliminated by modifying the surface of sensors with
heparin. Proteinous coatings can only be removed by treatment
with protease but this implies the need for recalibration and
resterilization of sensors. Fouling kills sensors.

Optical sensors for intracellular pH values face numerous
limitations that are hardly discussed in depth in recent reviews. It
may be stated first that most early measurements of intracellular
pH values are biased. This has several reasons: (a) Many studies
presented so far report average pH value of cells or tissue,
ignoring the fact that pH values inside cells vary from site to site.
(b) Most earlier studies using optical molecular probes were
performed by calibrating the indicator probe in buffers, and pH
values were then calculated from data obtained with cells. These

contain proteins and other biomolecules that bind indicator
probes and thereby change their pK, values. This introduces a
systematic error. It may be reminded here that the level of
albumin in urine is determined by adding, to a buffered urine
sample, a pH probe whose color changes because it is bound by
albumin. Many of these interferences can be compensated by
performing an in situ calibration, which, however, is not always
feasible. Nanoparticle-based sensing can overcome such
deficiencies. However, many challenges have yet to be addressed
to demonstrate superiority of nanoparticles for these applica-
tions. The first challenge is to make the NPs membrane-
permeable. Another challenge results from the need to place
sensors at specific sites such as in the cytosol or near
mitochondria. If both are to be measured at the same time,
differently modified probes have to be used whose signals can be
optically differentiated. The same is true if extracellular
acidification is to be determined. In the worst case, sensor
NPs are placed in both the intracellular and extracellular space
(that is, in the interstitial fluid), and then, an average pH value is
recorded.

Site-specific sensing in cells is highly desirable but requires
site-specific positioning of sensor NPs. If this is accomplished, it
is mandatory that ratiometric methods are used because the
plain intensity of fluorescence (at a fixed combination of one
excitation and one emission wavelength or of bands) not only
depends on the local pH value but also on the local
concentration of the sensor probe. Some researchers appear
not to be aware of this. Various kind of ratiometric methods have
been discussed in previous sections, and any of them may be
used. High (nm) resolution imaging (nanoscopy) based on
methods, such as STED, PALM, or STORM (that work in the
fluorometric mode only), also require special fluorescent probes
to work best. No systematic study has been presented so far in
terms of their uses in sensor NPs. Finally, to become reliable
analytical tools, the reported and new nanoparticle-based
sensors have yet to be thoroughly characterized in respect to
their selectivity, toxicity, and batch-to-batch reproducibility
(evidently more critical compared to molecular probes) that so
far was not the case in most studies.

Sensing of pH values in the marine environment and in
surface waters faces other challenges. Such sensors usually are
operated over prolonged periods of time, and (bio)fouling has
become a major challenge that still has to be fully overcome. In
addition, most plain water samples are weakly buffered if at all.
The effects of varying temperature, ionic strength, and heavy
metal ions and of contaminants, such as detergents, oil, or
lubricants, can be detrimental. No adequate solution has been
found so far (which is also true for pH electrodes). Literature
does not offer solutions on how to overcome the problem of
biofouling in case of continuously operating pH optodes, but
methods based on the use of antifouling agents as used for
vessels may be an option. Unfortunately, the most efficient of
them (out of the tributyltin group) are very toxic for marine
organisms and have been banned by law. Other methods
(sterilization with UV light or electrochemically generated
chlorine) require extra energy and place a risk of accelerated
sensor drift due to photobleaching and chemical reaction,
respectively.

Sensing of the (quite high) pH values in concrete has other
and partially unsolved challenges. The main issue here is long-
term functionality. Such sensors are expected to have life spans
exceeding 30 years, which is difficult to test and to achieve. Such
sensors preferably are prepared from inorganic sensor materials
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(such as pH-sensing quantum dots), which decompose quite
slowly even at high pH values. Recalibration is virtually
impossible. Sol—gel coatings deteriorate with time. Bacterial
attack and fouling are not an issue, on the other hand, and
accuracies of less than +0.1 pH unit are not required.

Optical fiber sensors are affected by bending effects, and this
has to be taken into consideration when using certain
configurations. Plastic fibers can become slightly turbid over
extended periods of time, which prevents their use, at present,
for many long-time applications.

17. CONCLUSIONS AND OUTLOOK

The past years have seen enormous progress in the design of
methods other than electrochemical for sensing pH values.
Among those, optical approaches have been most successful and
have become dominant. This is the result of two attractive
features of optical sensors that go far beyond the potential of
electrochemical sensors. The first is imaging, and the second is
the option of performing measurements on a nanoscale. The
results presented in this Review show the impressive progress
that has been made in these two fields. Other single features that
make such “opt(r)odes” attractive in certain fields include the
inertness to interferences by electromagnetic fields, the option
to perform remote measurements with even gm-resolution by
using fiber optical waveguides and comparably simple design
and competitive price of the sensing materials making them
attractive for application in disposable sensors.

Progress in pH sensor technology is driven by progress in
mainly four fields, namely, (a) new materials, (b) new
spectroscopies, (c) new optoelectronic and microelectronic
components, and (d) in data processing. This Review covers the
first two. Indirectly, progress is also driven by the need for new
pH sensors in fields where classical electrodes cannot be applied
easily or not at all. The number of publications on the subject is
entangling. One additional aim of this Review is to identify the
methods that are best suited for a specific problem. Several kinds
of sensors have become commercially available. On the other
hand, numerous sensing schemes that are also known from
literature are interesting from a scientific viewpoint only but
unlikely ever to be used in practice or to result in sensors
manufactured on a large scale.

Where are we going to? The problem of sensing pH values of
various kinds of surface and marine waters, and of blood or urine
is solved, in essence. The limitations encountered at present are
not related to sensor performance but to limitations resulting
from fouling, deterioration, biocompatibility, and calibration.
Many authors claiming excellent performance of any new
sensors (“new” in terms of indicators and sensors materials;
polymers included) ignore the state of the art of commercially
available sensors, some intended for measurement of pH values
in general, some for use in highly specific situations. Essential
progress or fundamentally new ideas cannot be seen here."”

The main challenges are of a different kind. All the areas listed
below are potentially large markets but unfortunately current
research does not focus on these in adequate depth. There is a
need for (a) sterilizable sensors, (b) self-calibrated sensors, (c)
self-referenced sensors, (d) sensors for pH ranges at which
electrochemical sensors do not perform well (or at all), for
example at pH values of >12 or at high acidities as defined by the
Hammett scale, (e) sensors that reliably work at temperatures
between 50 and 150 °C, for example for sensing pH values of hot
waters under high external pressure (such as in industry and in
the deep sea, or in oil drilling), (f) sensors with very long
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operational lifetime, for instance for monitoring the pH value of
concrete at pH values above 10.5 over the whole lifetime of the
construction, (g) sensors for measurement of acidity in
nonaqueous systems such as in used machine oil (which turns
acidic at the end of its lifetime), and (h) fast and disposable
sensors for rapid testing of all numerous kinds of food and drinks
(such as high-priced wines) which undergo changes in pH value
when getting spoiled, to mention a few only and ignoring niche
markets. In many cases, it will be desirable to integrate sensors
for temperature to compensate for its often strong effects on pH
values.

In terms of instrumentation, there is a need for approaches
and instruments that are inexpensive. Sensors based on the
indicator probes already became more affordable due to the
availability of optoelectronic components at low costs, examples
being LEDs, laser diodes, photodiodes, and optical filters. This is
not the case for other methods such as SERS or SPR at present.
Refractive index based sensors, fiber optic systems included,
seemingly simple and low-cost, still are too expensive at present
to enter the pH sensor market on a large scale. This, however, it
not a matter of sensing chemistry but of engineering.
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LIST OF ABBREVIATIONS

2P = two photon

2R = two-wavelength ratiometry

AA = acrylic acid

AChE = acetylcholinesterase

AIE = aggregation-induced emission

ALP = alkaline phosphatase

AMPMS = aminopropyltrimethoxysilane

APTS = aminopropyltriethoxysilane

ATR-FTIR = attenuated total reflection FTIR
AuNCs = gold nanoclusters

AuNPs = gold nanoparticles

aza-BODIPY = BF,-chelated tetraarylazadipyrromethene
BODIPY = boron-dipyrromethene

Bs = brightness

BSA = bovine serum albumin

BTB = bromothymol blue

BTPE = 2-((E)-2-(pyridin-2-yl)vinyl)benzo[ d]thiazole
CCA = colloidal crystalline array

CD = carbon dot

CHFODE = 2'-chloro-7'-hexylfluorescein

CIP = cleaning-in-place

Cr-GAB = chromium(III)-doped gadolinium aluminum
borate

CTAB = cetyltrimethylammonium bromide
DABCO = 1,4-diazabicyclo-[2.2.2]octane
DAOTA = diazaoxotriangulenium

DCC = N,N'-dicyclohexylcarbodiimide

DCFODE = octadecyl ester of 2’,7'-dichlorofluorescein
DCIFA = 2/,7'-dichloro-5(6)-N-octadecyl-carboxamido-
fluorescein

Dexter ET = Dexter energy transfer

DHFODE = 2/,7’-dihexylfluorescein

DHPDS = 6,8-dihydroxypyrene-1,3-disulfonic acid
DLR = dual lifetime referencing

DNA = DNA

DPPs = diketopyrrolopyrroles

ECFP = enhanced cyan fluorescent protein

EDC = 1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide
ELISA = enzyme-linked immunosorbent assay
EPR = enhanced permeability and retention effect
FA = fluoresceinamine

FBG = fiber Bragg grating

FIA = flow-injection analysis

FISH = fluorescence in situ hybridization

FITC = fluorescein isothiocyanate

FLIM = fluorescence lifetime imaging

FRET = Forster resonance energy transfer

FTIR = Fourier transform IR

GEFPs = genetically encoded fluorescent proteins
GFP = green fluorescent proteins

GM = Goeppert Mayer

GODs = graphite oxide dots

GPTMS = 3-glycidoxypropyltrimethoxysilane
HEMA = 2-hydroxyethyl methacrylate

HMS = hollow mesoporous nanoparticles

HPTS = 8-hydroxypyrene-1,3,6-trisulfonic acid
HSV = hue, saturation, value

IFE = inner filter effect

IFS = interferometric sensing

IOHs = inverse opal photonic crystal hydrogels
IR = infrared
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IS = ionic strength

ITO = indium tin oxide

LB = Langmuir—Blodgett

LbL = layer-by-layer

LED = light emitting diode

LMR = lossy-mode resonance

LSPR = localized surface plasmon resonance
MCFODE = 2'-monochlorofluorescein

MLC = metal—ligand complex

MOF = metal—organic framework

MRI = magnetic resonance imaging

MSN = mesoporous silica nanoparticles

MTEOS = methyltriethoxysilane

MTMOS = methyltrimethoxysilane

NEFEC = near field communication

NHS = N-hydroxysuccinimide

NIR = near-infrared

NP = nanoparticle

NR = neutral red

ormosil = organically modified silica

PAA = poly(acrylic acid)

PAEMA = poly(aminoethyl methacrylate)

PAH = polyallylamine

PALM = photoactivated localization microscopy
PAM = poly(acrylamide)

PAMAM = polyamidoamine

PAMP = polyacryloylmorpholine

PAN = polyacrylonitrile

PANI = polyaniline

PANI@AuNPs = polyaniline and gold nanoparticles
PB = Prussian Blue

PCB = polycarboxybetaine

PD = photodiode

PDI = perylene diimide

PDMS = polydimethylsiloxane

PEBBLEs = probes encapsulated by biologically localized
embedding

PET effect, group, receptor, quenching, etc. = photoinduced
electron transfer

PET foil, support, etc. = poly(ethylene terephthalate)
PFIPy = alternating oligomer 9,9-dihexylfluorene and
pyridine

PFPDA = copolymer of fluorene and thiophene
PhC-Fs = photonic crystal fibers

PhCs = photonic crystals

pHe = extracellular pH values

pHEMA = poly(2-hydroxyethyl methacrylate)

pHi = intracellular pH values

Ph-TEOS = phenyltriethoxysilane

Ph-TMOS = phenyltrimethoxysilane

PIPT = photoinduced proton transfer

PMMA = poly(methyl methacrylate)

PPE = poly(2,5-di(3',7'-dimethyloctyl)phenylene-1,4-ethy-
nylene

PPE = polyphenylene-based polymer

PPMI = poly(N-phenylmaleimides)

PPyPE = poly(p-pyridinium phenylene ethynylene)
PrTEOS = propyltriethoxysilane

PSU = practical salinity units

PtTFPP = Pt(II) meso-tetrapentafluorophenylporphyrin
PtTFPPL = Pt(II) meso-tetrapentafluorophenyl-
porphyrinlactone

PtTPTBPF = platinum(II) meso-tetra(4-fluorophenyl)
tetrabenzoporphyrin)

PVA = poly(vinyl alcohol)

PVC = poly(vinyl chloride)

PVP = poly(2-vinylpyridine)

PWM = pulse width modulation

QD = quantum dot

RFID = radio frequency identification

RGB = red, green, blue

RI = refractive index

RLD = rapid lifetime determination

SERS = surface-enhanced Raman scattering

SET = surface energy transfer

SNAFL = seminaphthofluorescein

SNARF = seminaphthorhodafluor

SPR = surface plasmon resonance

STED = stimulated emission depletion microscopy
STORM = stochastic optical reconstruction microscopy
T = temperature

TCSPC = time-correlated single photon counting
TEOS = tetraethoxysilane

TGHs = thermogelating hydrogels

TMOS = tetramethoxysilane

TTA = 2-thenoyltrifluoroacetone

TTAU = triplet—triplet annihilation based upconversion
TXH = Texas Red hydrazide

UCNP = upconverting nanoparticle

UPMs = unimolecular polymeric micelles

UV = ultraviolet

YFP = yellow fluorescent protein
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