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F luorescence imaging techniques involving chemical sensors are
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essential tools in many fields of science and technology because they

enable the visualization of parameters which exhibit no intrinsic color
or fluorescence, for example, oxygen, pH value, CO,, H,0,, Ca’", or
temperature, to name just a few. This Review aims to highlight the state

of the art of fluorescence sensing and imaging, starting from

a comprehensive overview of the basic functional principles of fluo-
rescent probes (or indicators) and the design of sensor materials. The
focus is directed towards the progress made in the development of
multiple sensors and methods for their signal read out. Imaging

methods involving optical sensors are applied in quite diverse scientific

areas, such as medical research, aerodynamics, and marine research.

1. Introduction

Molecular imaging is a highly important tool in life
sciences and engineering. The generic term comprises ana-
lytical methods such as advanced X-ray methods (computer
tomography), positron emission tomography, magnet reso-
nance imaging, and scanning probe microscopy. These
techniques enable the high-contrast imaging of organs or
soft tissue and paved the way to analyze material surfaces at
the molecular level. Biomedical optical imaging mainly
involves fluorescence microscopy. Sectional views can be
obtained with confocal microscopes if tissue, cells, or cellular
compartments are stained with fluorescent dyes. Biomole-
cules can also be selectively labeled with fluorescent dyes to
monitor biomolecular interactions inside cells or at trans-
membrane-bound receptors. Staining and labeling techniques
for fluorescence microscopy have been reviewed extensively
in the past few years.!!

Fluorophores can not only be used to label molecules or
stain cells, they can also act as an indicator (or “probe”) to
determine intrinsically nonfluorescent species and parame-
ters such as pH value, oxygen, or metal ions. In the latter case,
their photoluminescent properties (fluorescence or phosphor-
escence intensity, anisotropy, lifetime, or emission wave-
length) respond to the chemical composition of the environ-
ment. Fluorescence quenching is only one approach in the
application of dyes for chemical sensing and imaging.
Fluorogenic probes can also be designed that exhibit lumi-
nescence amplification during the course of a chemical
reaction. These “turn on” probes have distinct advantages
compared to quenchable probes. Dual-wavelength (2-1)
probes are another useful type of sensitive dyes because
these can be applied to intrinsically referenced assays. They
undergo a shift in their absorption and/or emission maxima on
protonation or formation of a complex with metal ions. These
strategies will be highlighted in Section 3 of this Review.

Sections 4 and 5 address sensor materials for imaging
applications. Typically, chemical sensors exhibit two charac-
teristics:
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a) they contain two basic components connected in series:
a chemical or molecular recognition system (receptor) and
a physicochemical transducer;®? and

b) they are miniaturized devices that can deliver real-time
and on-line information on the presence of specific
compounds or ions even in complex samples.”’

Luminescent probes have the advantage that they can be
delivered directly into the sample—now often encapsulated in
nanoparticles—and detected by a remote monitoring mode.
Accordingly, optical chemical sensors consist of the recog-
nition unit (in some cases, however, the chromophore acts as
both the receptor and the transducer), a light source, and
a photodetector, which is usually a charge-coupled device
(CCD) camera in imaging techniques.

Fluorescence sensor materials mostly consist of a poly-
meric support or binding matrix, which incorporates the
indicator and is permeable to the analyte. They can be used
for imaging, and be integrated in fiberoptic (micro)sensors,
microtiter plates, or sensor arrays.” Their applications
include process control (e.g. on-line monitoring of (bio)-
chemical reactors), pharmaceutical screening (including
detection of enzymatic reactions or cell respiration), and the
determination of blood gases and electrolytes, such as O,,
CO,, Ca**, and K*, as well as the pH value.”’ Optical chemical
sensors have been reviewed frequently in the past few years."!
This Review focuses on fluorescence probes and materials
used in sensor layers or nanoparticles for chemical imaging.
Particular attention is paid to recent developments in multiple
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sensors that respond to various species with differentiable
output signals. The most important parameters addressed are
partial oxygen pressure (pO,), barometric pressure, pH value,
temperature, H,0,, and metal ions such as Ca*". Moreover,
enzymatic activity can be visualized with probes that are
sensitive to pO,, pH, or H,0,.

2. Fluorescence Imaging: Methods and Require-
ments

The instrumentation for sensory imaging consists of three

parts, namely

a) an indicator or a sensor layer,

b) an optoelectronic system that records the photolumines-
cence of the indicator or sensor layer, and

c) a computer-aided control unit for the optoelectronic
system along with software for image processing.

Optoelectronic imaging systems span applications from
the microscopic to the macroscopic level. Hence, they can be
used to obtain user-defined levels of complexity, and can be
connected, for example, to confocal microscopes or fast-
pulsed time-resolved measurement techniques. They require
a light source—such as a halogen lamp, an array of light-
emitting diodes (LEDs), or laser diodes—and a system of
optical filters which separates the short-wavelength excitation
light from the long-wavelength luminescent light. Compact
instruments include a beam splitter (dichroic mirror), which
reflects the short-wavelength excitation light in the direction
of the sample and transmits the long-wavelength lumines-
cence to the detector. Two basic approaches are used: laser
scanner and imaging systems. The scanning principle is
realized in confocal microscopes and in microarray readers.
Generally, scanners are equipped with several lasers for
different excitation wavelengths, a movable x/y stage, and
a photomultiplier tube (PMT) as the detector. A typical
imaging system consists of a CCD camera as the detector
element and a LED array or white light source in combination
with a set of appropriate optical filters (Figure 1).

The imaging of fluorescent sensors is accompanied by
problems such as photobleaching of the applied dyes, light
scatter, background fluorescence of the sample, inhomoge-
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Figure 1. Time-resolved fluorescence imaging system for the calibra-
tion and read out of optical chemical sensors.

neous illumination, instability of the light source, non-uni-
form distribution of the fluorescent probes in the sample or
the sensor layer, and a varying thickness of the sensor layer.
Hence, the optical sensor system has to be thoroughly
calibrated and referenced. Intrinsically referenced methods
are of particular interest in fluorescence sensor technology
and have been reviewed recently.” They enable the elimi-
nation of the interferences specified above and can simplify
calibration procedures. Generally, referencing is based on
ratiometric measurements. These include the addition of
reference dyes which behave inertly towards the respective
analyte or the application of 2-A probes. These approaches
will be discussed in the next section.

Alternatively, internally referenced techniques can be
employed, such as fluorescence lifetime imaging (FLIM).
FLIM records the lifetime of the excited electronic state of
a fluorophore, and is probably the most attractive intrinsically
referenced parameter. The decay of the fluorescence intensity
after a short pulse of light is monoexponential in the ideal
case [Eq.(1)]. I, is the intensity at t=0 and 7 is the

I=1Iyexp™" (1)

fluorescence lifetime (or decay time). This is the time that is
required until the fraction of molecules in the excited state
has decreased to 1/e. The fluorescence lifetime is not affected
by the concentration of the fluorophores, static quenching
effects, or the brightness of the light source. In contrast,
dynamic quenching, resonance energy transfer, and temper-
ature have a strong impact on the fluorescence decay. Thus,
the fluorescence lifetime is a preferred parameter in fluores-
cence sensing and imaging.

Methods for the determination of the lifetime can be
classified into time-domain and frequency-domain
approaches.®! The latter is based on a phase-modulation
technique, in which the sensor is excited with sinusoidally
modulated light at a frequency approximately reciprocal to
the decay time. The emission of the probe follows the
modulation, but with a certain delay. This is measured as
a change of the phase angle. Accordingly, 7 can be calculated
from the phase angle or the modulation ratio. Phase
fluorimetry is widely used in fiberoptic sensors but hardly
applicable to imaging, and thus will be not discussed in more
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detail here. However, suitable cameras are already in devel-
opment.

The most frequently used pulsed technique for the
determination of luminescence lifetimes is the time-corre-
lated single-photon counting (TCSPC). It is based on the
detection of single photons hitting the photodetector after
short excitation pulses. The time between the excitation pulse
and detection is recorded. The decay curve can be generated
in the form of a histogram by integration of many pulses.
However, TCSPC requires complex instrumentation, exact
synchronization of the modules, and generates extensive data.
Therefore, it is not practicable for fluorescence sensing and
imaging. Less-intricate time-gated methods are applied for
FLIM. A straightforward approach termed Rapid Lifetime
Determination (RLD)® records the fluorescence intensity in
two successive time gates. These are set within certain delays
after a short pulse of the excitation light (Figure 2).

Excitation: Light On
g B

Emission: Light Off

At t
t t

Figure 2. The change in the fluorescence lifetime 7 can be accessed by
the rapid lifetime determination method with time-gated detection.
The detector is opened after a short pulse of light at times t, and t, for
an identical period of At. The lifetime is proportional to the ratio of
the integrated photon counts A; and A,.

In the case of a monoexponential decay and an identical
length of the time gates At, the lifetime 7 can be calculated
according to Equation (2), where Af is the width of the

At
" A, A7) &

respective integration intervals A; and A,. RLD is not very
accurate in terms of calculating absolute lifetimes, particu-
larly in the case of multiexponential fluorescence decays,
because of its origin in just two images at different delay
times. The precision of this method is dependent on the
integration times, which have to be set in a proper relation-
ship with the lifetime (At/r~2) and a sufficient number of
photon counts.'” Overlapping integrals have to be selected in
the case if higher ratios of At/t are required. Double-
exponential decays require four integration gates to calculate
both the lifetimes and their corresponding preexponential
factors.'!]
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In practice, the images of the two different gates are taken
separately in subsequent acquisition cycles. Therefore, the
light source and the detector have to be pulsed at a suitable
frequency that is of the same magnitude as the reciprocal
decay time. The integration of the two sets of images is
followed by a subtraction of the corresponding background
dark images that were detected with the same time gates and
frequency, but without illumination. The determination of
absolute lifetime values is not mandatory for sensor applica-
tions. Thus, the significant variable is the change in the ratio
R=A\/A, as a function of the analyte concentration.

3. Design of Luminescence Probes

Luminescence probes can be configured according to
different basic principles, which can be summarized according
to the following sensing mechanisms: 1) quenchable probes,
2) fluorogenic probes, 3) dual-wavelength probes, 4) Forster
resonance energy transfer (FRET) based probes, and 5) pho-
toinduced electron-transfer (PET) systems.

The functionality of the dye determines the kind of
imaging method and its referencing, for example, dual-
wavelength or time-resolved measurements, or the addition
of reference dyes. This section will provide a closer look at the
different kinds of responsive dyes that can be employed in
optical sensors and chemical imaging with respect to the most
frequently targeted parameters of pH value, pCO,, pO,, air
pressure, temperature, and metal ions (mainly Ca’" and K*).

3.1. Fluorescence Probes for pH Sensing

Dual-wavelength probes represent a straightforward and
widespread approach to obtain internal referenced optical pH
sensors. Two basic strategies can be pursued:

a) detection of fluorescence emission at two different
excitation wavelengths, or

b) detection at two different emission wavelengths at a fixed
excitation wavelength.

Most instruments for fluorescence analysis, such as
microscopes and scanning or imaging devices, are equipped
for 2-\ excitation and contain a set of narrow-bandpass filters
for the separation of the respective emission wavelengths.
Miniaturized low-cost devices specially designed for ratio-
metric fluorescence measurements have also been config-
ured.!”

The basic principle of ratiometric pH-sensitive probes can
be illustrated by means of 8-hydroxypyrene-1,3,6-trisulfonate
(HPTS), a bright fluorophore with a fluorescence quantum
yield close to unity and a pK, value of approximately 7.3 in
aqueous solution. The acidic and basic forms of HPTS are
shown in Figure 3 along with the resulting excitation and
emission spectra.' HPTS exhibits a pH-dependent shift of its
absorption band. This enables the ratiometric measurement
of the fluorescence emission at 520 nm by excitation at both
maxima at 405 and 450 nm.
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Figure 3. A) Protonated and deprotonated forms of HPTS and B) cor-

responding excitation (at A.,, =520 nm) and C) emission
(Aexe =460 nm) spectra.

The protonated and deprotonated form of some fluores-
cein derivatives also display different absorption spectra.
They have been optimized in terms of water solubility,
polarity, and cell-membrane permeability, and exhibit
a pK, value that enables the detection of small pH changes
at around pH 7. The polar fluorescein derivative BCEFC
(2',7"-bis(2-carboxyethyl)-5-carboxyfluorescein; Figure 4)
represents a typical dual-excitation ratiometric pH indicator,

HO o ‘ o
HooC ‘ & COOH
l COOH

COOH

Figure 4. Chemical structure of the cell-permeable pH-sensitive probe
BCEFC.
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which is used for intracellular pH measurements.*'” The
absorption maximum of the phenolate anion (basic form)
undergoes a bathochromic shift with an increased absorption
coefficient relative to the protonated (acidic) form. The probe
is excited at 450 nm and 490 nm and the signal ratio acquired
at a fixed emission window between 510 and 535nm is
calculated. A class of naphthofluorescein and seminaphtho-
fluorescein derivates (SNARF and SNAFL)™! have both
dual-emission and dual-excitation properties and can be
applied to cells, which makes them particulary useful for
confocal laser-scanning microscopy and imaging, flow cytom-
etry, and fiberoptic sensors."*'® FLIM can be carried out as
an alternative to ratiometric 2-A imaging."”!

Sensor layers based on pH-sensitive probes can also be
applied for the determination of CO,” or ammonia®! if
water molecules are entrapped and a polymer matrix
impermeable to ionic compounds and protons is used.
Fluorescence sensors for CO, utilize the equilibrium that is
formed between CO,, water, and carbonic acid. Cross-
sensitivity towards ionic strength can be minimized by using
carboxyfluorescein ester derivatives as indicators.”!

3.2. Oxygen- and Temperature-Sensitive Probes

Dynamic quenching of fluorescence represents a process
that is frequently used in optical sensors. It is based on
collisions between the excited fluorophore (donor) and the
quenching molecule (acceptor). In 1935 Kautsky and
Hirsch®®! described the decrease in the fluorescence and
phosphorescence intensity of several organic dyes adsorbed
on silica when exposed to oxygen. Depending on the donor—
acceptor system, FRET or electron-exchange processes can
account for nonradiative energy transfer from an excited state
to a quencher. The formation of charge-transfer (CT) states
is another factor for the quenching mechanisms in the case of
transition-metal complexes.™! Nevertheless, it has to be kept
in mind that Forster-type long-range dipole—dipole interac-
tions require a spectral overlap of the electronic transitions of
the donor and acceptor. Therefore, other mechanisms can
play an important role, particularly in the case of triplet—
triplet annihilation. In contrast to FRET, these are based on
electron-exchange processes (Dexter excitation transfer)?!
and require a spatial overlap of the wavefunctions of the
molecular orbitals of the donor and the acceptor. The donor is
thereby transferred from a triplet to a singlet state (Figure 5).

The rate of energy transfer decreases exponentially with
the distance between the donor and acceptor, and should not
exceed 1 nm for an efficient transfer. Typical acceptors for
dynamic fluorescence quenching which are also interesting
targets for sensor devices are oxygen, heavy metal ions, and
halide anions.

Demas et al.*”) have studied the quenching of luminescent
transition-metal complexes of ruthenium(II), osmium(II),
and iridium(III) by oxygen. It was found that CT excited
states in transition-metal complexes can often be classified as
mixed singlet—triplet spin—orbit states. They concluded from
their data that the formation of singlet oxygen ('O,) is
dominated by energy-transfer pathways. The luminescence
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Figure 5. Electron exchange and energy transfer according to Dexter
(top) and triplet—triplet annihilation between two excited triplet states
(bottom) which yields two singlet molecules.

quenching mechanisms of ruthenium(Il) complexes by heavy
metal ions was characterized by Lin et al.”® to be predom-
inantly of electron-transfer nature. The main characteristic of
dynamic quenching processes can be described by the Stern—
Volmer Equation irrespective of the mechanism by which the
excited state of the quencher is generated [Eq. (3)], where [Q]

bty ka0 (3)
is the concentration of the quencher, Kgy the Stern—Volmer
constant, and /, the luminescence intensity in the absence of
the quencher. The Stern—Volmer constant is a measure of the
quenching efficiency and determines the sensitivity of the
probe to the respective quenching analyte. It is given by
Equation (4), where k, is the bimolecular quenching constant.

Ksy =10k 4)

It is clear that, in particular, triplet emitters with long-lived
excited state lifetimes 7, can be quenched very efficiently.
Oxygen-sensitive phosphorescence probes have been
reviewed extensively over the past few years?”! Selected
examples are summarized in Table 1 and Figure 6. Among the
metalloporphyrins, which are favored indicators of oxygen
because of their high brightness, palladium(II) and platinu-
m(II) complexes of tetra(pentafluorophenyl)porphyrins
(TPFPP) have found particular interest because of their
high Stern—Volmer constants and photostabilities compared
to the non-fluorinated meso-tetraphenylporphyrins and
octaethylporphyrins.’” Emission in the far-red and near-
infrared (NIR) regions can be achieved with platinum and
palladium porpholactons,"! porphyrin ketones,*? and benzo-
porphyrins.**! Water-soluble probes for the determination of
intracellular oxygen can be derived from coproporhyrins.*¥
Other compounds used for oxygen sensing are ruthenium-
(II1)P and iridium(IIT) complexes®™ as well as pyrene.’”! An
exceptional fluorescent material which is quenched by small
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PtTFPL

B

[Ir(ppy)s]

Figure 6. Examples of oxygen-sensitive luminescent metal-ligand com-
plexes, whose spectral properties are described in Table 1.

amounts of oxygen is the fullerene C,,. Hence, dispersed in
ethyl cellulose or organically modified silica (Ormosil), it can
be used in sensors for trace amounts of oxygen.’™ The
lifetimes listed in Table 1 are not absolutely comparable, as
they are determined at different conditions and in different
environments. Also the corresponding Stern—Volmer con-
stants specified in the literature are not really comparable
because of the different experimental conditions applied.
Thermal quenching is another phenomenon utilized in
optical sensor technology. It exploits the decrease in photo-
luminescence intensity and lifetime with increasing temper-
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Table 1: Photophysical properties of selected oxygen-sensitive probes w = Aexp (;{?) 5)
Probe Absorption Emission Lifetimel Ref.
Amax [NM] Amax [NM] To [bs] (matrix) the barrier height is expressed by the activation
[Ru(dpp)s]** 450 600 5 (PS) [39] energy E, "l where A is the preexponential factor, k
PtOEP 380, 535 647 90 (Ps) [40] the Boltzmann constant, and 7 the absolute temper-
PdOEP 393,512, 546 663 770 (toluene) (11 ature. Accordingly, the lifetime 7 of the emissive
PtTFPP 395, 508, 541 650 55 (PS-PVP) [30] tat b d by [Eq. (6 h k. is th
PATFPP 406, 519, 552 660 910 (PS-PVP) o]  State can be expressed by [Eq. (6)], where ky is the
PtTFPL 392, 536, 575 735 45 (FIB) [31b] 1 AE
PtTPTBP 430, 564, 614 770 47 B3] S —ky+k exp(— o ©)
T RT
(toluene)
PdTPTBP 443, 578, 628 800 286 [33]
(toluene) temperature-independent decay rate for the deacti-
[Ir(ppy)sl 375 512 1(PS) [36b]  vation of the excited state, k, the preexponential
[Ir(btpy)s] 366, 408 596, 654 7 (polymer film) [36b]  factor, and AE the energy gap between the emitting

[a] At room temperature under exclusion of oxygen; [Ru(dpp)]: tris(4,7-diphenyl)-

state and the deactivating excited state.!]

1,10-phenanthrolineruthenium(l1) ; PtOEP: octaethylporphyrinplatinum(ll) ; PAOEP:
octaethylporphyrinpalladium(Il); PdTFPP: meso-tetra(pentafluorophenyl) porphyr-
inpalladium(ll); PtTFPP: meso-tetra(pentafluorophenyl)porphyrinplatinum(il);

PATPFPP: meso-tetra(pentafluorophenyl)porphyrinpalladium(ll); PtTFPL: meso-

3.3. Probes for Metal lons

tetra(pentafluorophenyl) porpholactoneplatinum(ll); PtTPTBP: meso-tetraphenylte-

trabenzoporphyrinplatinum(l1); PATPTBP: meso-tetraphenyltetrabenzoporphyrin-
palladium(ll); [Ir(ppy)s): tris-(2-phenylpyridine)iridium(I11); [Ir(btpy);]: tris{2-(ben-

zo[b]tiophene-2-yl) pyridinato-C? N}iridium(11).

ature. The Boltzmann distribution is one factor for this
ubiquitous temperature effect, because it governs the pop-
ulation of the different vibrational levels of the electronic
states involved. Temperature sensitivity occurs if two states of
different nature are located within an energy difference of k T.
Increasing the temperature influences the decay rates,
emission intensities, and lifetimes because deactivating
states are thermally activated. Nonradiative relaxation mech-
anisms, therefore, become dominant at higher temperature.
The polymer used for the fabrication of sensor films also
influences the temperature dependency because it can
facilitate nonradiative relaxation of the excited luminophore
by conversion into vibrational energy of the polymer matrix at
higher temperatures.

Luminescent materials with high temperature coefficients
are referred to as thermographic phosphors. These consist of
inorganic ceramic compounds and are very robust in terms of
their thermal stability. Typical examples are La,0,S and Y,0;
doped with Eu*" ! alexandrite,*! sapphire*! and YAG
(yttrium aluminium garnet) doped with Cr*t[®! Tb*, or
Dy**.*l These cover broad temperature ranges from room
temperature up to temperatures greater than 1000°C. The
photophysical principles of luminescence thermometry have
been reviewed by Allison and Gillies.*”? Some europium(III)
complexes with organic ligands also show a high temperature
sensitivity, particularly with p-diketonates (Figure 7).}">%!
The main temperature-dependent nonradiative relaxation
mechanisms of the D, level of Eu™ chelates have been
discussed by Berry et al.*

Certain ruthenium(IIT) and iridium(IIT) complexes are
also suitable temperature-sensitive probes.’®**! Generally,
the rate constants w of the crossover processes involved can
be described by an Arrhenius-type equation [Eq. (5)], where

www.angewandte.org
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Fluorescence indicators for metal ions such as
Ca’", Mg?", Zn’*, Na*, and K" have found wide-
spread application in clinical chemistry and bio-

/\N/\

Figure 7. Temperature indicators used in optical sensors.

medical imaging. The imaging of the intracellular Ca’**
concentration and its distribution is an important tool in
medical and pharmaceutical research. For example, the
increase in cytosolic Ca’" is a marker for the activation of
pharmaceutically relevant cell-membrane-bound receptors
and enzymes. Fluorescence probes are commercially avail-
able conjugated to dextrans for improved cellular retention or
lipophilic dyes for studying near-membrane Ca*" concentra-
tions. The choice of proper cell loading and intracellular
calibration methods are major tasks. The dissociation con-
stant of the indicator-metal complex has to be compatible
with the Ca** concentration range of interest. Ion indicators

Angew. Chem. Int. Ed. 2012, 51, 3532 —3554
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exhibiting spectral shifts upon ion binding are suitable for
ratiometric 2-A methods. Among the numerous fluorescent
calcium indicators, the class of fura dyes (e.g. fura-2)P? with
various dissociation constants for Ca*" are prominent exam-
ples (Figure 8). These show a significant hypsochromic shift in

CH,
N(CH,COO0),
O\/\o
N(CH,CO07),
(o}
N=
L0
CoO

Figure 8. Chemical structure of the Ca’*-sensitive probe fura-2.

the absorbance after binding to Ca®" ions. The emission is
typically monitored at 510 nm at dual excitation wavelenghts
of 340 and 380 nm."* Alternatively, derivatives of Indo-1 may
be used; this is a Ca*"-sensitive dye with dual-emission
properties (A, =400/470 nm with/without Ca**).>¥

The drawback of these dyes is that they can only be
excited with UV light. Therefore, several calcium-sensitive
probes have been developed that can be excited with visible
light, for example, Calcium Green-1 and 2P or the Oregon
Green BAPTA dyes,”® which are based on fluorescein or
rhodamine derivatives.””! These so-called fluoroionophores
provide an improved selectivity as a result of the combination
of a fluorophore with a specific recognition element (e.g.
BAPTA; Figure 9). They respond with an increase in the
fluorescence quantum yield upon calcium binding and are
appropriate for the measurement of cytosolic calcium.

An intracellular indicator for Ca®" which undergoes a high
signal increase has been designed that bears two arsenic
substituents on the fluorescein unit which bind selectively to
tetracysteine-tagged proteins. This genetically targetable
indicator enables localized measurements.”® However,
these fluorogenic probes have no capability for dual-wave-

CO0O™ COO”

COO™ COoO”

Figure 9. Calcium Green-1 consists of a dichlorofluorescein connected
to the calcium-binding domain 1,2-bis(0-aminophenoxy)ethane-
N,N,N’,N'-tetraacetic acid (BAPTA); A,,,=505 nm, 4.,,=530 nm.

Angew. Chem. Int. Ed. 2012, 51, 3532 —3554
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length measurements. Therefore, other ratiometric methods
such as the addition of inert reference dyes or FLIM have to
be applied. The same applies to other fluorescent metal-ion
indicators, particularly for probes sensitive to Mg*" (Magne-
sium Green),* Zn** (FluoZin-3), Cu** (Phen Green FL),
and K* (PBFI).l*”

Ratiometric 2-A probes have been designed for cytosolic
Nat !l Zn?* % and NH,*[*®! The biggest challenge for
biomedical imaging will be the development of probes with
improved selectivity for ions and excitation and emission
wavelengths shifted to the red or NIR region.

Molecular probes based on photoinduced electron trans-
fer (PET) are a valuable alternative to the metal indicators
described above. In general, these molecules consist of
a fluorophore, a spacer, and a receptor. The receptor bears
free electron pairs, for example, on the nitrogen or oxygen
atoms. One of these electrons can be transferred to the
partially unoccupied HOMO of the photoexcited fluoro-
phore. A back-electron transfer can now take place from the
excited state of the fluorophore to the HOMO of the
receptor. This leads to a radiationless deactivation of the
excited state and the fluorescence is quenched. PET is
blocked and the fluorescence of the molecule is turned on if
a guest binds to the receptor (Figure 10). A quantitative
approach to predict PET efficiency was developed by
Weller.® PET is fast and fully reversible.

Intramolecular PET can occur over distances of 1-
2 nm.[®! Typical receptor modules target for protons, metal
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(acceptor) (donor) (acceptor) (donor)
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E

LUMO
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oo 1 e
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(acceptor) (donor)
+
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Figure 10. Simplified molecular orbital diagrams showing the relative
energy arrangement of the HOMO/LUMO energy levels of the
fluorophore and HOMO of the donor involved in PET. * symbolizes
the excited fluorophore.
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ions, glucose, or phosphates. Examples include amino groups
for pH, crown ethers for sodium, and diamine tetraacetic
acids for calcium sensing (Figure 11).1 De Silva et al.*"!

+
Me,N (0] NMe,
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Figure 11. PET-controlled probe consisting of a fluorophore (rhod-
amine) that is quenched in the unbound state, a spacer, and a receptor
(BAPTA) for recognition of Ca*" [

presented a variety of PET systems that can indicate host—
guest recognition events and can also be employed as
“molecular switches”. A very useful fluoroionophore is
composed of a naphthalimide fluorophore and aza[l5]-
crown-5 as a highly selective receptor for potassium.®
Highly selective sensors for K* in aqueous solution can be
obtained by incorporation in a polymer matrix and these, as
well as other sensor elements, have found their way into
commercialized optical blood gas and electrolyte analyzers.

3.4. Lanthanide Complexes

Lanthanide complexes are a special case of molecular
probes because they can be designed to respond to rather
diverse analytes according to different sensing mechanisms.
Complexes of the lanthanide ions europium(III) and terbium-
(IIT) are widely used luminescence probes and stains for
biomolecular systems. Their applications were already dis-
cussed in 1982 in a pioneering review by Richardson.
Ligand coordination occurs predominantly through ionic
interactions, thus leading to a strong preference for donor
groups with negatively charged oxygen atoms (hard bases).
Water molecules can also act as strong ligands for lanthanides
and can be replaced by other hard donor groups, for example,
hydrogen peroxide or phosphate anions. This reversible
replacement makes lanthanide complexes promising lumi-
nescent probes applicable to chemical sensors. The complex-
ation chemistry and ligand-exchange dynamics of lanthanide
coordination chemistry have been reviewed by Parker et al.l’"!

The luminescence spectra of Eu®" complexes, which
exhibit a 4f° electronic configuration, are dominated by
emission bands corresponding to the °D,—F, transitions. The
strongest intensities are observed for *Dy—’F, and *D,—F,
transitions. In particular, the latter one with its very strong
and sharp emission line around 615 nm is the basis for the
application of europium complexes as luminescence probes
and labels.

The hypersensitivity of this transition is due to its electric
dipole character, and the radiative transition probability is
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very sensitive to the nature of the ligand environment. The
same is the case for the °D,—’F; transition of Tb*" (4%
electronic configuration) centered at 543 nm. Thus, the
emission intensity responds to chemical (or biochemical)
analytes that can interfere with these transitions.”

The direct electronic excitation of lanthanide ions is very
inefficient because of their low absorption coefficients and
the occurrence of nonradiative deactivation processes medi-
ated by solvent molecules, particularly by water. Therefore,
sensitizing ligands are applied. These sensitizers are often
termed “antenna” chromophores. The use of antenna chro-
mophores, such as acridone or diaryl ketones, result in the
excitation wavelength for europium complexes, which is
usually below 370 nm, being shifted to the visible region.[™

In general, lanthanide complexes can be divided into two
subgroups:™

The first comprises antennae that have a high coordina-
tion number and rigidity. These ligands contain macrocyclic or
polydentate moieties that form chelate complexes with the
lanthanide ion. Such ligands are often based on cyclen
(Figure 12), cryptand, crown ether, or diethylenetriamine-
pentaacetic acid structures. These form polycyclic structures
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Figure 12. Cyclen-based lanthanide complexes as examples of ligand-
based probes for pH value’® or alkali metals./®

or polychelates with one or more lanthanide ions in combi-
nation with a molecular receptor or transition-metal com-
plexes which can interact with the corresponding analyte.”
Examples of molecular receptors combined with antenna
systems include quinolines” and phenanthrolines”” for pH-
sensitive probes, crown ethers for the determination of Na* or
K*,"® and chelators for heavy metal ions such as Zn**."”! In
other words, the luminescence of these kind of complexes is
modulated by interactions of a chemical species with the
sensitizing chromophore (ligand-centered process). Macro-
cyclic ligands can also be designed to encapsulate the
lanthanide ion and protect it from interactions with the
environment. These complexes provide a stable luminescence
and can be used as labels and stains for biomolecular assays
and biomedical imaging."®
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The second group of lanthanide complexes includes
ligands such as tetracycline derivatives (Figure 13) and
fluoroquinolones that interact less strongly with the respec-
tive lanthanide ions. In these cases, the analyte acts as an

R Sy

OH O OH O OH

Figure 13. Tetracyclines as antenna chromophores for lanthanides.
Tetracycline: R'=R?=R*=H; oxytetracycline: R'=H, R*=0H, R®*=H;
chlorotetracycline: R'=Cl, R*=R’=H.

additional ligand to the lanthanide center. Probes of the
second type depend on an intermolecular energy transfer.
Their luminescence is modulated by metal-centered interac-
tions. The response occurs as a result of the exchange of
additional ligands that are more or less strong quenchers. The
overall structure of these complexes is often not determined
and the best sensitivities are sometimes obtained by combin-
ing an odd ratio of lanthanide ion to ligand, usually with an
excess of lanthanide ions. A large variety of lanthanide-based
probes have been reported in the past few years that respond,
for example, to hydrogen peroxide,®] ATP* GTP®! phos-
phate ions,® citrate,® proteins,® or DNA.l The complex
formed from europium and tetracycline was incorporated into
a polymer matrix to obtain reversible optical sensors for
hydrogen peroxide which can be applied to FLIM.F!®! Tt was
also found that hydrogen peroxide or ATP-sensitive probes
can be used to monitor the activity of various enzymes.®**!

Applications of both types of lanthanide-based probes in
chemical sensors have been reviewed recently.™ Typical
examples include optical sensors for oxygen, pH value,
hydrogen peroxide, humidity, copper ions, and temperature.
These types of lanthanide-based probes have some merits
such as large shifts between the excitation and emission
wavelengths and long luminescence lifetimes which make
them suitable for time-resolved fluorimetry. Nevertheless,
their lack of selectivity is a major drawback with respect to
chemical sensing.

4. Sensor Nanoparticles for Chemical Imaging in
Biological Systems

Spherical, nanometer-sized luminescent materials are
frequently applied as biomolecular labels or in FRET
assays. Their applications range from immunoassays to
stains for in vivo imaging. The incorporation of dye molecules
into rigid polymeric matrices paved the way for new
biomolecular labels with superior brightness, photostability,
and chemical stability. Furthermore, the fluorophores can be
protected from quenching by oxygen or metal ions and are
less affected by pH variations or other chemical interfer-
ences.”! However, their implementation for the sensing of
chemical species is only in its infancy.
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4.1. Responsive Nanoprobes

Materials that are used most frequently for the prepara-
tion of polymeric nanoparticles (NPs) include silica, polystyr-
ene, or derivatives of polyacrylic acid. These can be prepared
with diameters lower than 100 nm with high monodispersity
and equipped with sensoric functions. For this purpose,
fluorescence probes are incorporated or attached to the
surface of polymeric or silica NPs. Their utility can be
enforced by using polymer matrices with analyte-selective
permeability. Many organic polymers can be used for the
fabrication of sensor NPs and loaded with various kinds of
luminescence probes including nonpolar organic dyes”! as
well as polar phosphorescent metal-ligand complexes.’
Fluorescent polystyrene NPs are commercially available in
a wide variety of sizes and colors. The particles can be
prepared by microemulsion polymerization and/or precipita-
tion techniques and soaked with organic dyes or metal
complexes according to the polarity of the material. The
availability of materials covering the range from nonpolar
(polystyrene) to polar and hydrophilic (polyacrylic acid and
its derivatives) provides high flexibility in terms of the
encapsulation of dyes and probes into materials for specific
applications. Some polymeric materials are highly biocom-
patible and already used for in vivo applications.

The encapsulation of fluorescence probes into nanometer-
sized inorganic silica matrices can be carried out by a modified
Stober synthesis or by water-in-oil microemulsion tech-
niques.’” The dyes can be either physically incorporated or
covalently bound to organically modified silanes such as 3-
aminopropyltriethoxysilane or 3-mercaptopropyltrimethoxy-
silane.” Tt is not possible to dope silica with many common
hydrophobic organic dyes or metal-organic complexes
because of its hydrophilic nature. Nevertheless, examples
can be found of ruthenium complexes.” A remedy is the use
of organically modified silica (Ormosil) based on precursors
such as phenyltrimethoxysilane, which incorporate hydro-
phobic dyes.”” Alternatively, fluorophores can be coupled
covalently to the particle surface by subsequent reaction with
reactive surface functionalities. In this way, for example,
complexing fluoroionophores for the determination of metal
ions have been attached.!**"!

Nanosensors are mainly used to determine oxygen,
pH value, and ions (e.g. Ca’®" and K") in biological matrices
and cells, often in combination with imaging. These particles
are sometimes termed PEBBLEs (probes encapsulated by
biological localized embedding).”™ A luminescent indicator
for oxygen [octaethylporphine ketone platinum(II)] and an
inert reference were encapsulated in poly(decyl methacry-
late) for the determination of dissolved oxygen in biological
samples.”” In a similar approach, PtOEP was incoporated
into the shell of an Ormosil nanoparticle in combination with
a reference dye to sense oxygen inside living cells.'® The
doping with internal reference dyes is an important prereq-
uisite for sensor applications to enable ratiometric analysis.
The analyte-sensitive luminescence of the probe can be
referenced against a signal from a reference dye which is
inert. An alternative referenced nanosensor for the imaging
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of intracellular oxygen consists of PtTPFP as an indicator and
a naphthalimide reference dye in polystyrene.'*]

The red fluorescent protein DsRed in polyacrylamide was
used as the recognition element for copper ions.'"””’ A FRET-
based sensor for the continous sensing of intracellular
pH values was demonstrated by Peng et al. by incorporating
the indicator bromothymol blue in a biocompatible polyur-
ethane nanogel."®™ Intracellular calcium imaging can be
carried out with derivatives of Indo-1 covalently attached to
polystyrene microspheres.'™ The incorporation of 2',7-
dichlorodihydrofluorescein diacetate in Ormosil nanoparti-
cles leads to probes for the intracellular sensing of H,O, with
improved selectivity over other reactive oxygen species.!""!
Recently, the NIR-emitting PATPTBP was encapsulated in
a polyacrylamide hydrogel that was conjugated to tumor-
specific peptides for the determination of hypoxic conditions
in cancer cells."" Ratiometric detection was accomplished by
the co-loading of inert reference dyes such as Alexa 647. A
referenced NIR nanoprobe based on PATPTBP was applied
to the in vivo imaging of tumor hypoxia in animal models.'"”
The ultimate goal is to image these parameters not only inside
living cells but also in vivo, for example, by means of animal
fluorescence scanners.

4.2. Core-Shell Nanosensors

Core-shell systems represent a promising approach
towards the construction of nanosensors. In particular, silicate
and Ormosils with differing hydrophobic/hydrophilic proper-
ties are suitable materials. Interferences to the probe by the
reference dye or FRET between the two dyes can be
minimized by spatial separation of the reference and indica-
tors. For example, the reference dyes can be encapsulated into
cores with low analyte permeability, whereas the indicator
dyes can be placed on the surface of the shell (Figure 14).

Reference dyes with
bright and stable
fluorescence in polymer

or silica core

Surface
functionalization

for attachment

of biomolecules \

Indicator dyes in

polymer or silica
shell with high

analyte permeability

Figure 14. Schematic section of a core—shell nanosensor with an
indicator and an inert reference dye.

Reference dyes may be conjugated to a silica core formed by
condensation with 3-mercaptopropyltrimethoxysilane.*>!
Multifunctional silica particle systems can be tailored through
this approach, which can combine sensor functions with other
features, for example, magnetic properties (the so-called
“C dots™).1%!

The wrapping by a shell can also create a better biocom-
patibility and protein-repellent surfaces, for example, modi-
fied with dextran or poly(ethylene glycol),!* and support the
coupling of biomolecules. Silica shells can be used to coat
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various luminescent materials such as upconversion nano-
particles,% colloidal gold, silver, and QDs,"'"l as well as
organic polymer cores.?

In contrast, the high flexibility of the synthetic procedures
also allow silica cores to be enclosed by polymer films, for
example, by polystyrene.'' Fluorescent core—shell particles
based solely on organic polymers can be prepared from block
copolymers with hydrophilic/hydrophobic units. Typical
examples are poly(tert-butyl acrylate)-block-poly(2-hydroxy-
ethyl methacrylate) functionalized with Texas Red'¥ or
poly(styrene)-block-poly(vinylpyrrolidone)  loaded  with
a platinum porphyrin for oxygen sensing.['

5. Applications of Sensor Layers

In principle, luminescence probes and nanoparticles can
be administered directly into biological matrices such as tissue
to image the distribution, for example, of calcium,
magnesium,®  pH value,'*""! or hydrogen peroxide.!'*!
Genetically encoded probes based on conjugates with fluo-
rescent proteins play an important role in in vivo imaging. A
complementary approach consists of the use of sensor layers
which are brought in contact to the sample. This avoids the
contamination of the sample by dye molecules. However, this
technique is restricted to 2D measurements. Analyte distri-
butions can be imaged on surfaces, or profiles can be acquired
along interfaces. These methods have found quite diverse
application areas in biomedical imaging, such as dermatology
and microbiology, as well as engineering. They enable the
monitoring of physical and chemical parameters over rela-
tively large areas and in real time. The state of the art of the
so-called “sensor paints” was reviewed recently.™ The
following section is devoted to some outstanding examples
of how these layers are applied in different fields of science
and engineering.

5.1. Aerodynamics and Fluid Mechanics

The determination of the distribution of the absolute
pressure on surfaces plays an important role in fluid
mechanics and aerodynamic tests. The real-time imaging of
dynamic flow processes on models in wind-tunnel tests is
highly important for the aerospace and car industries. This led
to the development of pressure-sensitive paints (PSPs). The
function of PSPs is based on the principle of fluorescence
quenching by oxygen. Peterson and Fitzgerald utilized the
dynamic quenching effect of oxygen to study surface flows
over silica-coated plates dyed with Fluorescent Yellow.['”")
This led to the idea of PSPs. The first research on the
application of PSPs to moving objects was performed at the
Central Aero-hydrodynamic Institute (TsAGI) in Moscow in
the mid 1980s. Since then, other aerodynamic research
facilities worldwide have advanced the technique, including
NASA (USA), JAXA (Japan), Onera (France), and the
German Aerospace Center (DLR).

The concentration of oxygen in a sensor film is, according
to Henry’s law, proportional to the pO, above it in the case of
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variations in the steady-state pressure.'”) PSPs consist of
a mixture of indicator and polymer dissolved in an organic
solvent and can be sprayed on various surfaces by using air
guns to give uniform layers of several um thickness
(Figure 15). The requirements for the material are quite

0 . Aem

Sensor layer with indicators and
reference dyes in oxygen-permeable
polymer (10-50 pm)

Highly reflective screen layer

|| eeeeaae

Figure 15. Schematic cross-section of a luminescent paint sensitive to
air pressure.

high with respect to the homogeneity, evenness, mechanical
stability, and photochemical stability of the incorporated dyes.
The high costs of stainless-steel models for wind-tunnel tests
necessitates that the paints should be removable after use
without residues.

The addition of a reference dye improves the accuracy by
compensating for interferences caused by light scatter,
irregular illumination, and deformations of the model.
Commonly used oxygen-sensitive probes for PSPs include
pyrene as well as platinum and palladium-porphyrin deriva-
tives.'?11221 A typical binary PSP formulation developed by
DLR Gottingen in cooperation with the University of
Hohenheim consists of a pyrene derivative as indicator and
a europium complex as reference (Figure 16).! Another
approach uses PtTFPL as the pressure-sensitive fluorophore
and Mg"-TFPP as the reference.”' The application of
ratiometric luminescence lifetime imaging in combination
with transition-metal complexes can circumvent the need for
reference dyes.

The merit of PSPs compared to the use of single pressure
taps is that the pressure distribution can be visualized with
unsurpassed spatial resolution, even on parts of the model
where pressure taps cannot be mounted. In principle, every
pixel of the camera directed to the object acts as a sensor. The
pressure distribution is acquired within several seconds, and
flows on the surface can be visualized immediately. Turbu-
lences and shock pulses can be identified. Lifting forces and
bending moments can also be calculated from these data.

Technical aspects of PSPs are summarized in the mono-
graph by Liu and Sullivan,"®! including specific techniques
for measurement, image processing, and data analysis. In
addition to wind-tunnel tests, in-flight PSP measurements can
be conducted, for example, on fins, pylons, or wings of
aircrafts, by using on-board cameras and excitation sour-
ces.[124

The overall oxygen sensitivity exhibited by a luminescent
sensor is basically predefined by the Stern—Volmer constant
Kgy. According to the Stern-Volmer equation [Eq. (4)],
fluorescence quenching by oxygen affects both the intensity
and lifetime of the emission. While the natural lifetime 7, of
a fluorophore is usually little affected by immobilization in
a polymer matrix, the encapsulating polymer can cause
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Figure 16. A) Emission spectra of a referenced PSP composed of
pyrene and a europium complex dispersed in a polymer binder at
different air pressures. The spectral ranges of the excitation light and
the optical filters used for signal separation are also indicated.

B) Model mounted in the test section of a wind tunnel. C) Image of
the pressure distribution on a PSP-coated model. Reprinted from
Ref. [37] with kind permission. Copyright (2005) Springer Science +
Business Media.

a significant change in the sensitivity towards oxygen.>/ It
is apparent that a high solubility and diffusion coefficient for
oxygen in the polymer binder improves the oxygen sensitivity
of the film. The transmission of gas molecules through
polymer films is defined as the permeability. It can be
quantified as permeability coefficient P, which is the product
of the diffusion coefficient D and solubility coefficient S.
Accordingly, P can be defined as Equation (7), where V=

V(STP) x d

P=A><t><Ap @
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volume of gas (permeant), STP =standard temperature and
pressure, d=film thickness, A =area, t=time, and Ap=
pressure drop across film. Permeability varies greatly with
temperature, according to an Arrhenius relationship.!'*!
Typical polymeric materials exhibiting high oxygen perme-
abilities include ethyl cellulose,*?”  poly(dimethylsil-
oxane),'®! and poly(TMSP).l'”?! Fluoropolymers have a par-
ticularly high oxygen permeability as well as stability towards
photooxidation and degradation by singlet oxygen. Common
materials are FIB'®! and poly(IBM-co-TFEM).'" The
corresponding (co)monomer structures are summarized in
Figure 17. Fast-responding oxygen-sensitive luminescent
coatings for the imaging of unsteady pressure fluctuations
have been deposited on surfaces of porous anodized alumi-
num.['*

OC;Hs

PDMS

poly(IBM-co-TFEM)

Figure 17. Polymer binders with high oxygen permeability used in
PSPs. EC=ethyl cellulose, PTMSP = poly (trimethylsilylpropyne),
PDMS = poly(dimethylsiloxane), FIB = poly(hexafluoroisopropyl metha-
crylate-co-heptafluoro-n-butyl methacrylate), poly(IBM-co-TFEM) = poly-
(isobutyl methacrylate-co-trifluorethyl methacrylate).

The deviation of dyes incorporated in polymer matrices
from the linear Stern—Volmer relationship is often described
by the “two-site” model according to Equation (8), with K§,
and K%, being the two Stern—Volmer coefficients and f; and f,
the corresponding emissive fractions.* The multiple-site
model can be attributed to the microheterogeneity of the
luminophore environment leading to different accessibility of
the quenchers. Nonlinear models for oxygen solubility and
multisite models have been compared by Demas et al.">!
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There is also an urgent need in fluid mechanic research to
visualize temperature gradients. The first substances used for
this purpose were inorganic crystalline materials, which are
known as thermographic phospors. Accordingly, the imaging
of temperature distribution was termed “thermographic
phosphor thermography”. Recently, transition-metal and
lanthanide complexes were used as luminescent indicators
of temperature (Figure 7). By analogy to PSPs, they can be
dispersed in polymer binders and are termed temperature-
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sensitive paints (TSPs). While these sensors are based on
thermal fluorescence quenching, the thermally activated
delayed fluorescence (TADF) of fullerene C,, displays an
inverse effect. Dispersed in polystyrene (PS), it can be used as
an optical sensor with an increasing delayed fluorescence at
increasing temperature.’®? The TADF has a lifetime of
approximately 20 ms and can be easily separated from the
prompt fluorescence of an internal reference dye, such as
perylene, by time-resolved fluorescence imaging.

Poly(acrylonitrile), poly(vinyl alcohol), poly(vinyl methyl
ketone), and poly(vinyl chloride) are common polymer
binders for TSPs. The critical issues in the selection of
a polymer for a TSP are its thermal and mechanical stability
as well as the photostability. The polymers that are used have
very low oxygen permeability coefficients so as to avoid
oxygen quenching. TSPs are mainly used for the study of
hypersonic flows, heat transfer, transitions of laminar to
turbulent flows (convection heat transfer is much higher in
turbulent than in laminar flows), or shock pulses, particularly
in cryogenic wind tunnels."*'¥! They also are applied in
combustion studies in turbochargers and turbines. Temper-
ature indicators are added to PSPs to compensate for the
cross-sensitivity of oxygen-sensitive probes towards temper-
ature. These materials will be highlighted in Section 6.

5.2. Biomedical Imaging

Since the pO, is significantly reduced in tumorous
tissue,™ the imaging of oxygen distribution by means of
optical sensors is a useful tool in cancer research. NIR-
emitting PATPTBP modified with glutamate dendrimers was
successfully applied to biological fluids and tumor cells
in vivo.l'*®! Oxygen measurements were carried out by fre-
quency-domain phosphorescence lifetime measurements.
Zhang et al.l™ Jater used the red-emitting complex [Ir(btp),-
(acac)] (acac=acetylacetanoate, btp =Dbis(2-(2'-benzothie-
nyl)pyridinato-N,C?)) to image tumor hypoxia in vivo.

Alternatively, the supply of oxygen to malignant melano-
mas can be visualized with planar oxygen sensors. In this way,
the efficacy of different protocols of photodynamic therapy
can be evaluated on the basis of animal models."*”! Oxygen
maps of an amelanotic melanoma prior and after photo-
dynamic therapy were obtained by using a dorsal skinfold
chamber attached to the back of a hamster. The images of the
luminescence lifetime were generated by means of a CCD
camera mounted onto an intravital microscope. The oxygen
sensor layer consists of PtOEP in polystyrene. This trans-
parent sensor allows the simultaneous visualization of the
underlying microvasculature in the tissue.

The control of the oxygen supply is also of great interest in
tissue engineering. Two-dimensional oxygen gradients were
monitored with planar optodes consisting of PtOEP in
silicone.®®’ Numerous other quenchable probes have been
applied in optical oxygen sensors, particularly perfluorinated
porphyrins because of their improved photostabilities. Their
compatibility with different polymer binders have been
discussed by Amao."*!! The solubility of ionic dyes in apolar
media can be improved by the exchange of hard counterions
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by lipophilic organic ions. Another method consists of the
covalent immobilization of the probe into the polymer
network, for example, carboxyfluoresceins to amino-modified
polymers, which prevents the indicators from leaching out
into the sample.!'*14!

The study of wound-healing processes is an important
issue in the field of dermatology. A biocompatibele 2D pH
sensor was developed which is capable of imaging pH values
over a wide proton concentration range for in vivo use.'!
Fluoresceinisothiocyanate bound to amino cellulose micro-
particles acts as the pH indicator and [Ru(dpp);] in polyac-
rylonitrile microparticles as the internal reference. The
particles were immobilized in a polyurethane hydrogel. The
sensor was used in direct contact to the skin to image
variations in the pH value during chronic cutaneous wound

chronic wound

Figure 18. Luminescence imaging of pH value: Chronic venous ulcer
(A) on the medial ankle of a human patient and the respective pH
distribution as a pseudocolor image obtained with an optical sensor
(B) shows an increased pH value in chronic wounds compared to the
acid mantle of healthy skin. Scale bar: 1 cm. Reprinted from Ref. [141]
with permission. Copyright (2011) National Academy of Sciences,
USA.
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healing in humans (Figure 18). The sensor was illuminated
with a 460 nm LED and the images were recorded with
a time-gated CCD camera through a 530 nm long-pass filter.

5.3. Marine Microbiology

Planar optical sensors are useful tools in marine research,
particularly in marine microbiology. The decrease in the
pH value because of the global increase in atmospheric CO, is
a major problem for calcifying organisms such as shellfish and
corals at the sea bottom. The monitoring of seasonal changes
of oxygen concentration and pH changes are further objects
of analytical investigations. The dynamics of oxygen pene-
tration into sediments'*! and oxygen consumption as a result
of the degradation of organic matter can be monitored.'*’]
Furthermore, the bioirrigation activity, which is the active
ventilation of animal burrows, of benthic macrofauna and its
effect on the oxygen exchange between the sediment and the
overlying water layer was studied by means of optical
sensors. 1!

Microbiologists use oxygen sensors to determine the
activity (respiration) of bacteria (oxygen-consuming or pho-
tosynthetically active bacteria) and microbial biofilms in sea
sediments (Figure 19). Time-gated phosphorescence lifetime
imaging is generally used to read out the planar optodes
(Figure 2). These usually contain platinum or palladium
porphyrins, for example PtOEP, in a polystyrene film and
are particularly suited for measurements in oxygen-depleted
environments.'**l Measurements can be performed in tanks as
well as in the deep sea with a diver probe.['*!
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Figure 19. A) Lander system containing a fluorescence imaging system with a planar oxygen sensor for deap-sea measurements of oxygen profiles
in marine sediments. B) Scheme of the sensor device (all photos courtesy of K. Oguri, JAMSTEC). C) Calculated 2D volume-specific O,
consumption rate R from the O, distribution of a transect. The white line indicates the position of the sediment surface. Average oxygen
penetration depth: 6.6 mm (Segami Bay, Japan, depth 1450 m). Reprinted from Ref. [146b] with permission. Copyright (2009) by the American

Society of Limnology and Oceanography, Inc.
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6. Multiple Sensors

Point-of-care analyzers including sensor arrays for the
simultaneous determination of blood gases and electrolytes
are the most prominent example of the use of optical sensors
in the medical field. Instruments have been commercialized
that contain disposable fluorescent sensor cartridges for the
measurement of pH values, pCO,, pO,, Na*, K, and Ca’>" in
whole blood. These are based on different indicator mole-
cules as described above.**®! Additional cartridges are
available for Cl™, glucose, and urea and for the determination
of total hemoglobin.

There are also several other motivations for the develop-
ment of multiple sensors. One is to gather complementary
information about a sample simultaneously, for example, the
change of pO, and pH value in biological systems or the
distribution of pressure and temperature on surfaces in fluid
mechanics. The parallel detection of multiple parameters is
also of great benefit in clinical chemistry as it reduces the time
and increases the informative value of diagnostic findings. For
example, the addition of glucose oxidase to an oxygen-
sensitive layer led to a dual optical sensor for the simulta-
neous measurement of glucose and oxygen.!'*”! The applica-
tion of multiple sensors that transmit different information
from each reading point of the sensor layer is advantageous
for imaging purposes. This possibility is a unique feature of
luminescent sensors, as the optical signals can be separated
spectrally or by time-resolved methods.

Almost all luminescent dyes are sensitive to temperature.
Thus, the addition of temperature indicators is another
important incentive for the development of dual or multiple
sensors. The temperature channel can be used to adjust the
temperature dependency of the other probe to obtain precise
analytical data. The general design principles and spectro-
scopic methods for the interrogation of dual sensors have
been reviewed by Stich et al.”®! Dual (or multiple) optical
sensing can be achieved by using multilayer sensors or single-
layer sensors. The multilayer approach makes use of different
indicators embedded in distinct polymer layers, and these are
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Figure 20. Cross-section of a dual sensor layer for imaging air pressure
(P) and temperature (T)."*®! PtTFPP and [Eu(dpbt) (tta);] serve as the
indicators for oxygen (or P) and T, respectively. [Eu(dpbt) (tta);] =
Eu(I11)-tris (thenoyltrifluoroacetonato)- (2- (4-diethylamino-phenyl)-4,6-
bis(3,5-dimethylpyrazol-1-yl)-1,3,5-triazine).

spread on a solid support. In single-layer sensors, the
indicators are incorporated in one single polymer matrix.
Their incorporation in appropriate polymer micro- or nano-
beads turned out to be advantageous (Figure 20).

From a practical point of view, both luminescent probes in
the sensor layer should be excitable by one light source. Thus,
their absorption spectra have to overlap to a certain extent.
The probes can be spatially separated from each other at
a distance greater than the Forster radius by incorporation in
different polymer micro- or nanoparticles. Furthermore, the
sensitivity and selectivity of the indicators can be improved by
the use of permeation-selective polymer beads. For example,
poly(acrylonitrile) (PAN) is virtually impermeable to oxy-
gen.P® Therefore, PAN microbeads can be used to shield
temperature indicators from undesired oxygen quenching.

6.1. Dual Sensors for Oxygen and Temperature

The demand for dual PSPs/TSPs in aerodynamic research
was a major driving force for the development of dual
luminescent sensors. Large temperature gradients on the
surface of a model can occur in high-speed wind-tunnel
experiments. This effect has to be compensated for if the
pressure distribution is to be imaged, as most oxygen-sensitive
probes are prone to thermal quenching. The first approach
was demonstrated by Coyle and Gouterman.?! They used
PtTFPP in FIB polymer for the lifetime imaging of pressure,

Table 2: Materials for dual sensing of oxygen (or air pressure) and temperature.?!

Oxygen indicator Temperature indicator Polymer matrix Ref.

PtTPFP La,0,S:Eu*" FIB [42]

[Ru(dpp)s]** MFG Ormosil [152]

PtTFPP [Ru(phen),J** PtBS-co-TFEM [153]

PATFPP [Ru(phen),** polyurethane [154]

in PSAN particles in PAN particles

PATFPP Eu-f3-diketonate complexes polyurethane [155]

in PSAN particles in PtBS particles

PtTFPP [Eu(dpbt) (tta)s] polyurethane [156]

in PSAN particles In PVC particles

Cro [Ru(phen);]** ethyl cellulose/PAN [157]

two-layer system

[Ir(btpy)] [Ir(carbaz) (ppy).] cellulose acetate butyrate s
in PAN particles

PtTFPP [Ir(carbaz) (ppy),] dispersion in water [115]

in PS-co-PVP in PAN particles

[a] Carbaz:1-(9H-carbazol-9-yl)-5,5-dimethylhexane-2,4-dione; phen: 1,10-phenanthroline; MFG: manganese-activated magnesium fluorogermanate;
ptBS-co-TFEM: poly(4-tert-butylstyrene-co- 2,2,2-trifluoroethyl methacrylate) ; PSAN: poly(styrene-co-acrylonitrile); PtBS: poly(4-tert-butylstyrene) ; PS-

co-PVP: poly(styrene-co-vinylpyrrolidone).
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Figure 21. Luminescence images of a dual sensor foil ([Ru(phen);]*"/
PATFPP). Left: temperature gradient imaged through a 580 nm band-
pass filter. Right: oxygen partial pressure for the same sensor foil
imaged through a 650 nm longpass filter at an excitation wavelength
of 366 nm. Reprinted from Ref. [154] with permission.

and added particles of the thermographic phosphor
La,0,S:Eu’*" for the correction of the temperature depend-
ency of the PSP. A series of different compositions were
developed in the following years. These are summarized in
Table 2. The thermographic phosphors were subsequently
replaced by metal-ligand complexes. The two sensor outputs
can be spectrally separated by changing the optical filters
(Figure 21) if the two probes are selected properly according
to their emission maxima.

New perspectives arise from the implementation of
cyclometalated iridium(III) complexes bearing ligands
derived from 2-phenylpyridine (ppy) or mixed ligand systems
containing acetylacetonate groups. A large number of these
phosphorescent triplet emitters with a variety of structures
have been synthesized for use in organic light-emitting diodes
(OLEDs).'] They are available with different emission
colors that cover the whole visible spectral range and show
broad absorption bands in the blue region. However, only
a few of these cyclometalated complexes are sensitive to
oxygen quenching and can be used for oxygen sensing.”*!* In
general, the phosphorescence of these iridium complexes is
not greatly affected by temperature, but the finding that the
mixed ligand complex [Ir(carbaz)(ppy),] shows a high tem-
perature sensitivity paved the way for dual one-layer pO,/T
sensors based solely on iridium complexes.® In this
approach, the complex [Ir(btpy);] is used as the oxygen-
sensitive probe. It shows a viable Ky value and a very broad
dynamic range which is superior to established oxygen probes,
such as PtTFPP.

Dual sensors for the simultaneous determination of
temperature and oxygen are not only required for aerody-
namic research, there are also in demand for (bio)chemical
process control, in medical research and diagnosis, and in
microbiology.
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6.2. Dual Sensors for Oxygen and pH Value

The first approaches towards dual sensors for oxygen and
pH value consisted of two-layer systems. In a pioneering
study, the pH indicator HPTS was used for CO, monitoring. It
was covalently bound to cellulose particles dispersed in
a hydrogel matrix. The oxygen-sensitive layer was composed
of [Ru(2,2-bipy)s]*" (2,2-bipy = (2,2"-bipypyridyl) adsorbed
on silica microparticles in silicone.!'*® Response times of up to
five minutes for the sensing of the pH value or for CO, have
been significantly reduced now and are typically in the range
of ty=90-120 s. One decade later, Klimant et al.®” improved
this approach by incorporating HPTS in ethyl cellulose
particles. These were dispersed in PDMS and cast over an
oxygen-sensitive bottom layer of PtTFPP in polystyrene. It
took nearly another ten years until Borisov et al.®” devel-
oped this work further by incorporating HPTS as a lipophilic
ion pair with a tetraoctylammonium (TOA) cation in micro-
meter-sized ethyl cellulose beads. These were homogeneously
dispersed in a highly gas-permeable silicone rubber. Addi-
tionally, inert reference beads containing an iridium(IIT)
coumarin complex were blended. Again, the subjacent
oxygen-sensitive layer consisted of PtTFPP in polystyrene.

The fabrication of single-layer sensors is preferred for
imaging applications, but is generally very difficult to achieve
from a materials perspective. Oxygen sensors require materi-
als that are highly gas permeable but impermeable to ions and
protons. In the case of pH sensors, the opposite is desirable.
The first solution to this problem!"*®! again makes use of two
different permeation-selective microbeads for the sensing of
pH changes (carboxyfluorescein covalently attached to
amino-modified p-HEMA) and oxygen ([Ru(dpp)s;]*" in
Ormosil). Both were dispersed in a polyurethane hydrogel.
The dual sensor can be used to monitor bacterial respiration
and cell growth. In a similar approach, carboxyfluorescein
was replaced by HPTS to enable the monitoring of bacterial
growth.™ In a further step towards improved one-layer
sensors the lipophilic ion pairs HPTS/TOA and [Ru(dpp)s)/
TMS (TMS = trimethylsilylpropanesulfonate) were dissolved
directly in ethyl cellulose. The resulting sensor was used for
the time-resolved imaging of pCO, and pO, in aquatic
environments.'®! The lipophilic pH-sensitive fluorescein
derivative DHFA (2',7'-dihexyl-5(6)-N-octadecylcarboxami-
dofluorescein) and PtTFPP can also be directly dispersed into
a hydrogel matrix polymer. Gradients of pCO, and pO, can be
mapped by using these 2D sensor layers at the boundary layer
between seawater and marine sediments."® Recently,
a sensor layer for the in vivo imaging of oxygen and pH value
on skin was presented, which utilized PtTFPP and fluores-
ceine isothiocyanate conjugated to amino cellulose as the
corresponding probes in a polyurethane film."'®? Diphenylan-
thracene dispersed in PAN microparticles was added as the
reference fluorophore. The three channels of the sensor can
be read out by means of digital RGB color cameras.
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6.3. Dual Sensors for pH Value and Temperature

Only a few examples for the simultaneous sensing of pH
values and temperature are described in the literature. As
outlined above, many suitable fluorescent pH indicators are
2-h probes with two different broad absorption/emission
bands for the protonated and deprotonated form, thus
covering a substantial range of the visible spectrum. This
makes the spectral separation of the emission of a second dye
rather difficult. Europium(II)-p-diketonates have a narrow
emission band in the red region of the spectrum and show
a very high temperature sensitivity. Hence, the complex
[Eu(tta);(dpbt)] was used for the first dual pH/T sensor in
combination with HPTS as a pH indicator."®! A recent
approach makes use of a thermographic phosphor
(chromium(III)-activated yttrium aluminum borate) as an
intrinsic temperature control of a pH sensor based on
a SNAREF derivative."™ Both dyes can be excited by a red
605 nm LED and emit in the NIR. The combination of a fast-
decaying pH indicator and a phosphorescent temperature
indicator was interrogated by means of the dual lifetime
referencing (DLR) method (see Figure 23 in Section 7).
Furthermore, colorimetric pH/T sensors have been developed
by combining a pH-responsive solvatochromic dye with
a thermoresponsive polymer.'*]

An assembly of two dual sensors in two stacked layers was
developed to monitor oxygen, carbon dioxide, pH value, and
temperature.'®! The lower layer comprises indicators for O,
(an Ir™ complex in polymer microbeads) and CO, (HPTS) in
ethyl cellulose, and the upper layer indicators for temperature
(microcrystalline chromium(III)-doped yttrium aluminum
borate phosphors) and pH value (SNARF-DE) in polyur-
ethane. Both sensor components have to be excited with
different wavelengths (450 nm and 605 nm). The necessity for
two separate excitation sources makes this set up less
practicable for imaging applications, but it is interesting for
fiberoptic sensors.

6.4. Triple Sensors

The idea of using separable emission wavelengths of
different fluorescent indicators for the fabrication of triple
sensors was formulated for the first time in 1988 by Wolfbeis
et al."* Triple sensor in this regard means that three sets of
information can be obtained from one sensor spot. Of course,
sensor arrays with three discrete sensors were developed
earlier, for example optical fiber arrays for blood gas
analysis."®”) However, the triple sensor material approach is
much more favorable for imaging applications. Astonishingly,
it took over 20 years until this concept was realized. For the
first optical triple sensor, pH-, oxygen-, and temperature-
sensitive probes were incorporated into different polymer
microbeads and dispersed in a polyurethane layer
(Figure 22).'* The sensor read out is performed by a combi-
nation of spectral separation and time-resolved luminescence
detection (RLD), from which the emission of the long-
decaying temperature indicator [Eu(dpbt)(tta);] can be iso-
lated.
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Figure 22. A) Cross-section of a triple sensor which consists of a poly-
urethane hydrogel with three kinds of luminescent beads: (<) pH-
sensitive beads (HPTS in pHEMA), (A) temperature-sensitive beads
([Eu(dpbt)(tta);] in PVC), and (0) pO,-sensitive beads (PtTFPP in
PSAN). Response of the sensor to B) pH, C) O, at different temper-
atures, and D) temperature. Reprinted from Ref. [170].

7. Signal Interrogation

The interrogation of multiple sensors requires advanced
imaging techniques. It is difficult to achieve a full spectral
resolution if more than two probes are applied, because
spectral overlap can usually not be avoided. Consequently,
techniques with a temporal resolution have to be combined,
namely time-gated fluorescence detection is needed. These
pulsed methods are a valuable complement if the separation
achieved by optical filters is not sufficient. A simple way to
separate the luminescence of a long-lived indicator from
crosstalk of a second short-lived dye is to image the intensity
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of the long-lived indicator within a time gate that is positioned
after the fluorescence of the short-lived component has
decayed (time-resolved fluorescence). The use of the RLD
method (see Figure 2) is even more sophisticated. In this case,
the change in the luminescence lifetime 7 of the long-lived
probe can be employed as intrinsically referenced informa-
tion. For example, portable optical sensor devices for oxygen
are based either on time-resolved pulsed fluorescence detec-
tion, by using, for example, PtOEP in PS as a sensor layer,'*’!
or on frequency-domain measurements (PtOEP in Ormo-
sil).l7

The time-domain dual lifetime referencing (td-DLR)
method"*! makes use of a short-lived fluorescent indicator
combined with a long-lived phosphorescent reference dye.
(Figure 23 A). It is based on the acquisition of two images, one
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Figure 23. A) Scheme of the td-DLR method that enables the referenc-
ing of a fluorescence sensor with a long-lived reference dye. Ig,: Image
acquired during excitation phase; Ig,: Image acquired during emission
phase (intervals with CCD on). B) Scheme of the DLD method that
calculates the average lifetime of two components, in the first two
gates (A1, A2) a mixed lifetime of both indicators, and in the second
two gates (A3, A4) the pure lifetime of the longer-lived indicator (e.g.
a temperature indicator). The contribution of the short-lived indicator,
for example, for air pressure, can be calculated from these data.

taken in the excitation period (/i) and one in the emission
period (Ig,,) after the pulsed light source has been turned off.
The intensity [z, represents the sum of the short-lived
indicator and the long-lived phosphorescence of the refer-
ence, while [y, originates exclusively from the reference.
Again, interferences can be referenced out by dividing I, by
It Recently, td-DLR was used for the in vivo imaging of pH
gradients during cutaneous wound healing (Figure 18).1*!]
DLR is also a valuable referencing scheme for frequency-
domain measurements (fd-DLR).l*"
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The dual lifetime determination (DLD) approach
requires the acquisition of four time-gated images. It is
applicable if the luminescence decay time of a long-lived
probe is at least about 10 times longer than that of the short-
lived component. The lifetime image calculated by the
division of A; by A, contains exclusively the information on
the long-lived part (7,) of the sensor. The ratio calculated
from A, and A, reflects the mixed decay of both luminophores
(Figure 23 B). The fraction of the fast-decaying component 7,
can be calculated by iterative data evaluation processes or
three-dimensional calibration functions. This method pro-
vides lifetime data for both indicators and can be used, for
example, for the read out of a dual PSP/TSP!'* or for
monitoring the oxygen consumption of enzymatic reactions
with simultaneous control of the temperature.'” The latter
example paves the way for triple sensors that can monitor
glucose, oxygen, and temperature.

Other techniques for the identification of multiplexed
lifetime signals apply pattern-matching algorithms!'”! or
assume that the mixed decay curve behaves as a linear
combination of the decay functions of the single compo-
nents.”l The analysis requires time-correlated single-photon
counting to record the whole decay curve from which the
contributions of the single fluorophores can be calculated by
decay-pattern recognition. Nevertheless, photon counting
methods are currently too complex and expensive to be
used in praxis for sensing or imaging.

Recently, it was demonstrated that the fluorescence
signals of different indicators can be separated by means of
RGB-sensitive pixels of CMOS (complementary metal oxide
semiconductor) chips in inexpensive digital color cameras.'*!
The aim is to integrate into the sensor appropriate indicators
whose fluorescence emissions match the sensitive wavelength
ranges of the RGB pixels. In this basic approach, the pH
indicator HPTS was used for CO, (blue channel) and
[Eu(dpbt)(tta);] for temperature (red channel) imaging. The
two channels can be analyzed quantitatively with the help of
a commonly used image-processing software. This concept
was modified and improved by the incorporation of an inert
dye to obtain an intrinsic referenced oxygen sensor by using
the red (oxygen) and green (reference) channel of the RGB
chip.'”” Oxygen levels can be imaged with high precision by
dividing the signal intensities of the red and the green
channel. This approach represents a versatile detection
method, as colorimetric assays can also be read. This was
demonstrated by means of sensor arrays for pH values and
metal ions!"™ or biogenic amines.”*’)

8. Conclusion and Outlook

This Review considers the field of chemical fluorescence
imaging with respect to probe design and functionality,
referencing, sensor materials, and signal processing. For
a more detailed discussion on the theoretical background of
fluorescence sensing the reader is referred to the books by
Valeur,'™ Lakowicz,""! and Demchenko.'””! The develop-
ment of appropriate sensor materials and read-out techniques
is a highly interdisciplinary challenge. It combines synthetic
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organic and inorganic chemistry, material science, (time-
resolved) fluorescence spectroscopy and imaging, methods
for signal separation, computing, and engineering.

In fact, only a small selection of all the luminescence
probes described in the literature has made its way into
optical sensors. The huge variety of probes that have been
developed for other analytes, such as carbohydrates,'”
hydrogen peroxide,'™ ATP! and anions,**" are not con-
sidered because they have not been utilized up to now in
sensor layers for imaging applications. The lack of reversi-
bility, photostability, chemical stability, and selectivity in real
samples, in general, represent major obstacles. Nevertheless,
optical sensors have distinct advantages compared to electro-
chemical sensors, because of the fact that light propagates
through air and transparent matter. Thus, remote sensors can
be designed with the sensor layer placed inside (bio)reactors,
small samples, interfaces, microfluidic systems, cells, biolog-
ical tissue, or domains which are difficult to access. An
unsurpassed density of sensor spots is available in combina-
tion with imaging methods, which is only limited by the
number of pixels of the camera used for detection and leads to
microscopic resolution. Applications include process control,
fluid mechanics, medical imaging, pharmaceutical screening,
and microbiology. NIR probes are becoming more and more
important. In particular, NIR fluorophores that change their
fluorescence upon a specific reaction with biologically active
molecules are of great interest for medical research and
diagnosis, as well as for in vivo imaging.['*

The significance of imaging parameters such as pH value,
pO,, H,0,, and Ca’" in medicine has been outlined, for
example, in cancer research, transplantation medicine, tissue
engineering, and for the study of wound-healing processes.
Except for sensors for pH value, pO,, and some ions, the
reversibility and selectivity of the recognition system to
enable continuous monitoring of other analytes is a major
challenge for a further improvement and application of
optical sensors. In particular, there is a lack of reversible and
specific probes for H,0,, biophosphates such as ATP, and
glucose, just to name a few. Biocompatible probes for the
imaging of temperature also show great potential, for
example, to monitor thermal therapies (hyperthermal treat-
ment) for cancer. New materials such as as fluorescence
upconversion nanocrystals show great potential for sensing
applications in biological samples, as they can be excited in
the NIR (980 nm) and show an anti-Stokes’ shift. The
different emission bands in the visible spectrum, for example,
of NaYF, doped with Yb* and Er’*, can be used to determine
the temperature inside cells or tissue by means of ratiometric
imaging.['*"]

In some applications the response should not only be
reversible, but also very fast. This is particularly necessary for
unsteady measurements, for example, for unsteady PSPs
which have to indicate dynamic pressure changes on moving
or rotating elements with millisecond resolution. This is
a challenge for the design of the probe and the matrix
polymer, which needs to have a high permeability for oxygen,
as well as for signal recording.

Sensor nanoparticles will have an increasing importance
in biomedical imaging. Probes whose surfaces are function-
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alized with biomolecules, such as antibodies or peptides, can
be targeted to cancer cells to monitor relevant parameters in
cancer research and therapy (e,g. pO,, pH value, or certain
signaling molecules). Modification of the surface of nano-
particles can also reduce their cytotoxicity, facilitate their
internalization into cells, and extend their circulation time in
the bloodstream. The last factor is required to enable the
nanoprobes to reach their target cells. This is achieved with
protein-repellent surfaces, such as PEG or dextrans.

Scientific CCD cameras are usually applied in fluores-
cence imaging. The progress of CMOS-based detector arrays
and digital cameras enable the application of more cost
effective and compact devices. Furthermore, chemical sensing
and imaging with familiar, mass-produced devices, such as
computer screens and web cameras,'® flatbed scanners,'®!
mobile phone displays and cameras,"® and digital color
cameras,'®! opens up new perspectives for the dissemination
of these techniques. The last approach is particularly useful
for multiple sensors if the luminescence emissions of the
probes can be adjusted to the maximum sensitivity of the
RGB channels or pixels of the camera. From a materials
perspective, the utilization of polyelectrolyte multilayers or
the combination of fluorescent receptors with molecularly
imprinted polymers could lead to optical sensor materials
with improved selectivity and reversibility.
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