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Abstract

"This review provides an overview of the key aspects of designing ionophore-
based optical sensors (IBOS). Exact response functions are developed and
compared with a simplified, generalized equation. We also provide a brief
introduction into less established but promising working principles, namely
dynamic response and exhaustive exchange. Absorbance and fluorescence
are the main optical readout strategies used in the evaluation of a sensor
response, but they usually require a robust referencing technique for real-
world applications. Established referencing schemes using IBOS as well as
those from other optical sensors are also discussed. Finally, the power of
recently developed photoresponsive ion extraction/release systems is out-
lined and discussed in view of dynamically switchable IBOS or regenerative
exhaustive exchange IBOS.
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1. INTRODUCTION

Optochemical sensors are sensor devices in which an interaction between an analyte and a sensor
triggers an optically accessible change in the sensing material. This can be accomplished with an
indicator dye that changes its spectral properties (absorbance and/or fluorescence) upon contact
with an analyte. A prominent example of such sensors is a pH indicator, where the sample pH
influences the protonation degree of the indicator dye and, hence, determines the color of the
sensor. Another example is an optical oxygen sensor, where the luminescence intensity and decay
time are influenced by the excited-state quenching of an analyte.

When a receptor element does not change its optical properties upon contact with an analyte, an
indirect sensing scheme may be used. Here, the binding event of an analyte to a receptor can trigger
a secondary, optically detectable process. Ionophore-based optical sensors (IBOS) represent an
illustrative example of such sensors. Facilitated by a membrane component (ionophore) with a high
affinity toward the analyte, cation sensors, for instance, extract positively charged analytes into the
sensing film. In turn, an equivalent amount of protons is released from the sensing phase, thereby
changing the protonation degree of the proton carrier (i.e., liphilic pH indicator) (Figure 1). The
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Figure 1

Schematic representation of the ion-exchange process triggered upon increase of the analyte ion
concentration, where R™ indicates a negatively charged ion exchanger. Calcium ionophore molecules (L)
stabilize the calcium inside the lipophilic liquid/polymeric film (sensor film). Electroneutrality is maintained
by expelling an equivalent amount of protons, which triggers a detectable change in the color of the reporter

dye (Ind).
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IONOPHORE AND CHROMOIONOPHORE TERMINOLOGY

Alternative terms for ionophores, such as ligands and carriers, and for lipophilic indicator dyes, such as chro-
moionophores, are found in the literature. In this review, we use “ionophore” for a molecule that selectively binds
to a primary analyte ion. The term “lipophilic pH indicator” is used for a molecule that changes its spectral
properties depending on the protonation degree. The widespread term “chromoionophore,” literally meaning an
ionophore that changes color, is misleading because it does not imply the selectivity for protons, as pH indicator
does. Moreover, chromo- or fluoroionophore was also used for ionophores that change their spectral properties with
selectivities for ions other than protons. Such ionophores are termed “chromogenic ionophores” if their absorbance
spectrum changes and as “fluorogenic ionophores” if their fluorescence emission spectrum changes.

analyte recognition event (ion-ionophore) is thereby translated into a protonation equilibrium,
which is more easily accessible to optical readout methods. This review focuses on IBOS, which are
based on nonoptically active ionophores and lipophilic pH indicators as transducers for protons,
here used as reference ions.

Compared with their electrochemical counterparts, most optochemical sensors share impor-
tant advantages regarding their applications and sensor formats. Optical sensors are typically
easy to miniaturize and cost less to manufacture. They also allow signal readout without physical
contact (i.e., remote sensing) and enable researchers using optical imaging techniques to obtain
spatially resolved analyte patterns. For IBOS, in particular, ion imaging enables sophisticated
microelectrode arrays to be replaced with planar optodes or particle suspensions to achieve two-
and three-dimensional analyte concentration maps. Although the latter aspect is considered
state of the art for optical oxygen and pH sensors (1-3), very few results have been published
using IBOS devices (4). This lack of results can be explained by the availability of water-soluble
chromo- or fluorogenic indicators for various ions. As a result, for imaging purposes, the demand
for IBOS is less than that for oxygen sensors, where a dissolved indicator approach is impossible.
However, ion indicators suffer from modest selectivity and flexibility in terms of their dynamic
range. Here, IBOS may be more powerful because investigators can tune their selectivity and
even their dynamic range (5) via an optimized combination of ionophores (ligands, carriers) and
lipophilic indicator dyes (chromoionophores) (see sidebar, Ionophore and Chromoionophore
Terminology). Although scientists have demonstrated the possibility of employing specially
synthetized fluoro- or chromogenic ionophores (i.e., lipophilic ion indicators) and discussed their
potential advantages, such as low cross sensitivity to pH (6), IBOS that use protons as a reference
ion together with an optically silent ionophore are by far more popular. This imbalance may be
due to the relative simplicity of designing ion-selective bulk optodes on the basis of the recipe
for established ion-selective electrodes. The same ionophores used in ion-selective electrodes
can often be combined with a suitable lipophilic pH indicator and, if necessary, an ionic additive.
Moreover, because ionophores with different selectivity and affinity toward the analyte may
be combined with lipophilic pH indicators that have optimized acidity and spectral properties,
IBOS may be optimized for specific purposes. This flexibility has allowed scientists to develop
IBOS selective for a wide range of cation- and anion-selective sensors. Physiologically relevant
ions, particularly potassium (7-16), sodium (5, 14, 17-22), and chloride (7, 15, 23-31), have been
thoroughly investigated. Important ions for environmental and food analysis, such as calcium
(7, 15,17, 21, 32-36), magnesium (37-40), ammonium (20), phosphate (41), carbon dioxide (42),
nitrate (29), and nitrite (43, 44), have also been the focus of recent research, especially in view of
low-cost and/or disposable IBOS (45-48). Examples for transition metals, such as lead (49-53),
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copper (54-56), silver (53, 57-59), mercury (53, 60), uranium (61-63), and cadmium (64) have
also been reported. For a comprehensive review of ionophores for all kinds of ionic species and
on optodes built using these ionophores, we recommend the excellent review of Biihlmann et al.
(65).

IBOS now have a history of more than 25 years. Although a few reports with conceptually similar
setups were published in the late 1980s, the field did not grow rapidly until 1990 when Simon and
colleagues at ETH Ziirich published their first papers based on so-called bulk optodes (28, 66, 67).
This term introduced an important property with respect to the IBOS response mechanism: IBOS
usually rely on sensing phases where the bulk of the material is in thermodynamic equilibrium with
the contacting sample solution, which is in clear contrast to surface optodes where the optically
active receptors are in direct contact with the solution. In other words, the response of an IBOS
relies on an extraction of the analyte from the sample to the sensor phase, and the activity of the
analyte in the sensor phase dictates the sensor signal.

With few exceptions, IBOS are based on the same principle: Selective extraction of the tar-
get analyte into a lipophilic liquid membrane introduces either coextraction of an oppositely
charged reference ion or release of a reference ion with the same charge. The latter is depicted
in Figure 1, which shows a calcium-selective IBOS that uses the lipophilic pH indicator ETH
5294 as a reporter dye. In most cases, the reference ions are protons. Accordingly, coextraction
is most often found for anion sensors, and ion exchange is more prominent for cation-selective
IBOS. Lipophilic ionic sites in the form of ion-exchanger salts are often added to compensate
for the charges of the active compounds to obey the charge balance condition inside the sensing
phase.

The signal is inherently dependent on the activity ratio between target ions and protons.
The resultant cross sensitivity to sample pH often requires additional experimental effort, such
as buffering samples during measurement or simultaneous pH measurement with an indepen-
dent sensor. However, pH dependency can also be exploited to tune the sensitivity toward the
target ion (see Section 3.1). In addition, some reports have described different approaches to de-
signing IBOS that are virtually pH independent, such as by using coextraction of a charged solva-
tochromic dye (68, 69), exploiting potential sensitive dyes (70), or applying fluorogenic ionophores
(6).

For carbon dioxide, pH dependency may be avoided via direct sensing of carbon dioxide
activity, in contrast to the Severinghaus principle where pH change in aqueous solution is mea-
sured upon CO, extraction (42). Nonequilibrium-based protocols such as exhaustive extraction
can also overcome pH dependency. If a sensor is operated outside of the dynamic range, total
extraction of the analyte from a limited volume can be obtained. By analogy to coulometry in
electrochemistry, this is an absolute measurement and intrinsically independent of the pH in
the sample (see Section 5). The Ames Seralyzer, one of the first commercial devices to employ
optical sensors, uses this approach in optical detection of blood components such as potassium
(71).

"This review focuses mainly on fundamental aspects of bulk IBOS, such as response mechanisms
(Section 2), and the theoretical development of the response function, selectivity, detection limit,
and response time (Section 3). We also summarize the main conclusions based on these theoretical
considerations for sensor design. Although a comprehensive theoretical description of all possible
cases is beyond the scope of this review, stepwise development of the most prominent example
is provided for interested readers. We then introduce different readout modes (Sections 4.1-4.3)
and discuss different signal referencing schemes for IBOS, a necessity for the fabrication of robust
optical sensors (Section 4.4). Finally, we introduce photoresponsive ion extraction/release systems
as an example of a current development made by our group to the field of IBOS.
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Schematic of three detection principles: (#) equilibrium based, (b)) dynamic change, and (c) exhaustive exchange. Equilibrium-based
detection principles have been described best and are widely applied, but dynamic change (solution diffusion limited) and exhaustive
exchange (absolute measurement) are advantageous in certain situations. Abbreviations: ¢, concentration; Ind, lipophilic pH indicator;

L, ionophore; M, any cation; S, signal.

2. RESPONSE MECHANISMS

2.1. Equilibrium versus Dynamic versus Exhaustive

In equilibrium-based IBOS, the sensor signal is evaluated after complete equilibration of the sensor
matrix to the contacting sample phase. All changes in the activity of the primary or reference ion
in the sample lead to a new steady-state signal, i.e., a constant protonation degree of the lipophilic
pH indicator (Figure 24). This is similar to other equilibrium-based sensors, such as ion-selective
electrodes or solution-phase indicators, with two main differences: First, the readout signal always
depends on the activity of two ions simultaneously. Second, in most cases, the necessity for bulk
equilibration by ion diffusion inside the matrix material causes longer response times.

In dynamic readout, there is no need to wait for the sensor to be in equilibrium with the sam-
ple, because the slope of the sensor response is proportional to the analyte concentration in the
contacting solution. This should in theory allow for much faster response times, although this
requires a more complex sensor design because the diffusion of analyte to the sensor membrane
must be limited to achieve a linear correlation between protonation degree and analyte activity. In
Figure 25, the equilibrium of the targetion is largely on the side of the sensor matrix. In this case,
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even a decreasing analyte concentration from ¢; to ¢; triggers an increase of the signal. Ideally, the
signal change over time, d S/dt, is proportional to the bulk concentration of the analyte in solution.
Because analyte extraction is irreversible, this sensor requires an excess of binding sites to work
for a reasonable amount of time. The irreversible nature of such a device is a drawback, as regen-
eration would require extreme conditions in the contacting solution and/or time-consuming pro-
cedures. However, this limitation may be overcome using photoactive compounds (see Section 5).
In addition to a potentially faster response time, the dynamic readout also has decreased cross
sensitivity to pH. The configuration shown in Figure 254 uses a diffusion layer to control the
analyte mass transport. Thus, the signal change depends chiefly on the gradient across this diffu-
sion layer. In a related approach, the ion-selective lipophilic membrane can be separated from an
aqueous detection compartment containing a dissolved fluoro- or chromogenic ionophore. Buffle
and coworkers employed this approach by using so-called doped permeation liquid membranes
to selectively transport free copper ions toward an aqueous detection compartment (72).

The concept of nonequilibrium operation can also be exploited for exhaustive exchange systems
in which the IBOS depletes the analyte ion in the provided sample (Figure 2¢). An exhaustive
extraction process is followed by a change in indicator signal, which should ideally be directly
proportional to the total amount of analyte ions in the sample. A small and defined sample volume
is required with an appropriate analyte amount that does not exceed the binding capacity of
the sensor. Such a system may be calibration free if the transduction mechanism allows for the
determination of the total number of deprotonated indicator molecules. In other cases, a one-time
calibration of the signal versus protonated indicator should be sufficient to allow interference-free,
absolute analyte detection in defined sample volumes. This approach is very useful for test-strip
sensors combined with low-cost, optical readout units. In fact, one of the very first readout devices
for optical sensors, the reflectance spectrometer Ames Seralyzer (Miles Laboratories), used this
approach to allow for pH-independent ion detection (20). The irreversible nature of exhaustive
exchange makes it well suited for disposable sensors. Coupled with photoactivated regeneration,
this approach may also find application in reusable sensors.

2.2. How to Make an IBOS Work?

To develop a new sensor, one first has to answer a few questions: Whatis the charge of the analyte?
Which ionophore is available for this analyte, and what is its charge and complexation stoichiom-
etry? Which lipophilic indicator is compatible with my system in terms of readout technology,
and what is the charge in its deprotonated state? In Figure 3, we provide an overview of various
combinations of indicators and ionophores for cations and anions (maximum single charged for
ionophores and indicators). In the most prominent case (Figure 3e), a neutral ionophore (L); a
positively charged, protonated indicator (IndH™); and a negatively charged ion exchanger (R7) to
maintain electroneutrality are combined to form a cation-selective IBOS. Extraction of a target
cation (I') into the optode results in the release of a proton, changing the protonation degree
and, consequently, the color information of the indicator (Figure 1). When the combination of
ionophore and indicator has a net neutral charge before the analyte ion enters the sensor phase,
an ion exchanger may not be necessary (Figure 3b,d,b,j). In special cases (see Figure 3cfi,0),
the ionophore also acts as the indicator, meaning that a binding event to the target ion triggers a
change in spectral information. Such ionophores are referred to as chromogenic when describing
a changing absorption spectrum or as fluorogenic in cases of a changing fluorescence emission
spectrum. Depending on the structure, chromogenic ionophores may be able to complex both
protons and target cations (Figure 3c¢,f), or the complexation could result in an exchange of a sec-
ondary cation bound to anionic sites present in the membrane (not shown). Similar considerations
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Figure 3

Sensor matrix providing an overview of popular combinations of the following components based on their charge and the nature of the
analyte: ionophores (L), lipophilic pH indicators (Ind), and ion exchangers or lipophilic ionic sites (R).

are valid for anions when the target ions are either exchanged with secondary anions stabilized by
cationicsites in the membrane (Figure 37) or with hydroxide ions bound to the chromo/fluorogenic
ionophore (Figure 3/). A comprehensive list of all possible combinations found in the literature
is beyond the scope of this review.

Figure 1 shows the structures of a prominent example for a calcium ionophore, a lipophilic
pH indicator, and a cation exchanger. Calcium ionophores are often based on analogous EDTA
binding sites, whereas the most selective sodium ionophores are based on calixarene structures (23).
Tonophores for some anions are now available, but performance may still be improved, especially
for phosphate and sulfate.

In terms of pH indicator, most IBOS are based on lipophilic Nile blue derivatives. Most of these
dyes were originally developed by the Simon lab at ETH Ziirich (73) and later commercialized as
chromoionophores by Sigma Aldrich. The introduction of long lipophilic chains was necessary to
increase solubility in the hydrophobic sensor matrix and thereby suppress leaching of the active
compound from the sensor into the sample solution. Most of these dyes carry a single positive
charge in their protonated state. Neutral protonated indicators are also described and are usually
based on hyrdoxy-azo-compounds (e.g., ETH 2412) or fluorescein derivatives. Using protons as
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the reference ion in IBOS is attractive given the high selectivity of available proton ionophores.
Complexation with other cations can usually be neglected (73).

The main characteristics of a lipophilic-charged carrier (R) are a permanent charge (positive or
negative), a negligible tendency for ion pairing, and no affinity to protons. In other words, an ideal
anionic or cationic additive should compensate only for charge imbalances in the membrane with-
out participating in any other complex formation or dissociation processes. Most of these require-
ments are satisfied by bulky, lipophilicions, such as tetrakis[3,5-bis(trifluoromethyl)phenyl]borates
as anionic sites or tridodecylmethylammonium salts as cationic sites. As shown in Figure 3, the
necessity of using an anionic or cationic additive does not depend on the charge of the analyte,
but rather on the combined charge of ionophore and indicator in the initial state. For a more
comprehensive list of available ionophores, indicators, and ionic additives, we refer the reader to
other extensive reviews (65, 74).

2.3. Overcoming pH Cross Sensitivity

As a result of an optically silent ionophore and a lipophilic pH indicator as reporter, IBOS have
an intrinsic pH cross sensitivity. However, this cannot always be exploited to adjust the responsive
range (see Section 3.1). Instead, it often limits the practical applicability of IBOS in real samples.
Researchers trying to overcome this pH dependency have devised different solutions, some of
which are introduced below. A system based on the coextraction of solvatochromic dyes or the
partial exchange of potential sensitive dyes with the analyte ions has been successfully applied for
chloride and potassium (68-70). Here, the detection principle is coupled not to the protonation
degree of an indicator but rather to the local environment of charged reporter dyes, which depends
on the analyte concentration in the contacting sample solution.

In another study, Citterio et al. (6) synthesized a lithium ionophore coupled with a fluorescent
reporter. This fluorogenic ionophore showed negligible pH dependence over a wide range from
6 to 8. In general, using fluoro- or chromogenic ionophores is a promising approach to overcome
this pH limitation, and a number of such compounds have been reported (75-78). However,
not all ionophores in this class are pH independent. Some ionophores, for instance, exchange
protons with analyte ions and therefore will show a behavior similar to that of conventional IBOS.
Furthermore, chromogenic ionophores based on a photoinduced electron transfer usually depend
on pH, at least below a certain threshold (79).

Simultaneous correction for the pH value also results in a virtually pH-independent IBOS.
This can be done either by measuring the pH value with a separate sensor or by using a system in
which the signal depends on the activity of protons and the target-related species in a reverse way.
Xie et al. (42), for instance, demonstrated a pH-independent optical sensor for carbon dioxide in
solution or a humidified gas phase. Here, the correlation between pH and the carbonate/carbon
dioxide equilibrium was exploited to perform an in situ correction for the pH value to directly
detect carbon dioxide.

As mentioned above, the use of IBOS outside of the equilibrium range will also resultin virtually
pH-independent sensors. If; for instance, the state of the sensor prohibits proton extraction in
favor of the extraction of analyte cations, the sensor will absorb ions until either the sensor is
saturated or the sample is depleted. If the sensor is far from its equilibrium state, this process
should be largely independent of proton activity in the contacting sample solution.

Crespo et al. (80-82) recently introduced an unconventional and exciting alternative for an op-
tical, electrochemiluminescent readout of ion concentrations without the necessity of a reference
ion. Here, the potential at the sensing membrane interface was used to modulate the reference po-
tential in a three-electrode cell. A working electrode, responsible for generating electrogenerated
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chemiluminescence, was placed in a separated compartment together with a counter electrode
(both compartments were bridged). A variation in the activity of the primary analyte (i.e., calcium)
provoked a change in the reference potential that directly translates into a different amount of
emitted light (electrogenerated chemiluminescence). This approach allows one to accomplish a
direct, proton-independent optical readout for IBOS.

3. THEORETICAL DEVELOPMENT OF RESPONSE FUNCTION
AND OTHER RELEVANT PARAMETERS

3.1. Response Function for the Target Ion

Developing the response function [signal = f(#;)] for an IBOS is a crucial step for identifying the
influential factors and parameters suitable for tuning the sensor response. We here demonstrate
this stepwise process for an ion-exchange system selective for cations of charge z (I**) that contains
a neutral deprotonated pH indicator (Ind®), an ionophore with complex stoichiometry 7 (L,I*"),
and an anionic additive (R™). Other systems as shown in Figure 3 can be developed by analogy.

The system described here is similar to the combination shown in Figure 3e. As evident
from the diagram, the system is based on ion exchange, i.e., extraction of analyte cations into
the membrane triggers a release of protons into the sample solution to maintain the charge
balance inside the membrane. The target ion starts in the aqueous phase, and the proton begins
in the organic phase. After the exchange, their location should be switched. For each cation with
charge z, an equivalent amount of z protons needs to be released.

zH*(org) + I*"(aq) = zH" (aq) + I**(org). 1.

Although charged hydrophilic species exhibit low affinity for a lipophilic polymer matrix, the pres-
ence of the lipophilic ion exchanger (charge balance) requires their extraction.! Binding the ions
to the lipophilic ligands further impacts the overall ion-exchange equilibrium, i.e., a lipophilic pH
indicator for protons and an ionophore for target ions. Whereas the stoichiometry between pH in-
dicators and protons is usually 1 to 1, ionophores for cations frequently favor other stoichiometries.
Introducing 7 as the complex stoichiometry between L and I may be used to account for this differ-
ence. Thus, the new ion-exchange equilibrium including the stabilized species can be expressed as

zIndH" (org) + I**(aq) + 2 L(org) = zInd’(org) + L,I** (org) + z H* (aq). 2.
Note that this relationship could also be written by considering the ion exchanger:

zIndH " (org) 4+ I** (aq) + 2 L(org) + R~ (org) = zInd’(org) +L,I* (org) + z H* (aq) + 2R~ (org).
3.

The associated overall exchange constant can be formulated as follows:

gttt et _ A P (L, 1] 4
exch - + s .
[IndH**[L)ay

where square brackets denote species in the organic phase and free ionic species in the aqueous

phase are replaced by their respective activities. Accordingly, the activity for the anionic additive
can be eliminated, because R does not participate in any interactions with the ionic species in

"When preparing a membrane cocktail, neither pH indicator nor ion exchanging salt have a net charge, but rather exist in their
neutral state. Some indicators clearly show this by showing the respective color of the neutral, noncharged state. However,
when in contact with a solution of appropriate pH, the indicator dye quickly protonates, thereby triggering a release of the ion
exchanger’s counter ion into the solution. This process is analogous to membrane conditioning in jon-selective membranes
for potentiometry.
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the membrane (e.g., ion pairing). Although a valid assumption in most cases, this can severely
complicate theoretical description in highly apolar plasticizers such as DOS (83). For the sake of
simplicity, we here consider negligible ion pairing.

To establish a correlation between a signal S and ion activity 41, Equation 4 shows the activity
of the target ion in the sample solution. In addition, the signal has to be correlated with the
protonation degree of the indicator, which introduces another relationship:

[IndH™]

l—a= , 5.
¢ Indt

where Indy denotes the total indicator concentration in the optode (known from the membrane

preparation). Thus, the concentrations of protonated indicator in the organic phase can be ex-
pressed in terms of the protonating degree 1—o and the total indicator concentration. The re-
maining unknowns in the organic phase are the deprotonated indicator [Ind°], the uncomplexed
ionophore concentration [L], and the ionophore-ion-complex concentration [L,I*"]. Mass and
charge balances are therefore introduced to replace the unknown parameters. The mass balances
are simply given by the fact that the total amount of indicator or ionophore (each known from the
optode preparation) is equal to the sum of all compounds containing the species:

Indy = [IndH"] + [Ind"]; 6.

Lt = [L] + n[L,I*"]. 7.

The charge balance originates from the electroneutrality condition in the organic phase. Here,
the anionic additive is the only anionic species; therefore, its concentration must be equal to the
sum of the positive charges:

Rt = [IndH") + 2[L,I*"]. 8.
To replace the unknown terms in Equation 4, we find solutions for each species on the basis of

known concentrations of [IndH*] only:

[L]= Lr = = (Ry — [IndH"])

[Ind°] = Indr — [IndH™) ) 9.
(LI = Ry — [IndH™)
n - Z

Then we insert all terms into the exchange constant (Equation 4), replace [IndH"] with the
protonation degree from Equation 5, and solve for the activity of the target ion 4y to obtain the
response function:

10.

1 ( apo )Z RT - (1 - a)IndT
ar

T2k \T=a ) Ly — 2[Ry — (1 — a)lndr]}"

exch

3.2. Introducing pK, (Indicator) and the Complex
Formation Constant (Ionophore)

To optimize the properties of the different sensor components, one may split the overall exchange
constant into the factors that contribute to it. The overall exchange constant already contains
expressions similar to the acidity and complex formation constants inside the organic (sensor)
phase. The only difference is that the concentrations of the free protons and analyte ions are given
for the aqueous phase (2 and #1). The concentrations of the species in the organic phase are a
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Sample Interface Organic phase

nL (org)
17*(aq) = I**(org) B+ L,I?*(org)
nL (org)
K&eh
zInd° (org)
zH'@q) —————> zH*(org) zIndH*(org)
zInd° (org)

Figure 4

Schematic showing the virtual processes involved in the complexation of analyte ions from a sample with an
ionophore. Electroneutrality is retained via ion exchange with an equivalent amount of protons.
Abbreviations: aq, aqueous; org, organic.

function of their respective activities in the contacting aqueous solution. In other words, both the
primary ion and protons cannot directly form the complex with their ligands. Instead, they first
need to be transferred from the aqueous to the organic phase, requiring a transformation from 4;
(aq) and a1 (aq) to [I**] and [H'], respectively (see Figure 4).

The ion-exchange process of the single ions at the interface is expressed with the exchange
equilibrium according to Equation 1. The exchange constant for the naked ions KS:I"IH is then
given as

. z Iz+]
K (an)’| ) 11.
exch [H+]Zﬂ1

Now the acidity constant and complex formation constant can be formulated as follows:

2IndH* (org) —\é zInd(org) + zH* (org)

- ; 12.
nL(org) + ¥ (org) ==L, I*"
Ind"JF[H*)?
(K. = #
[IndH =
13.
PR L2
RIS TAT

Multiplying the exchange constant for the single ions Kg:h’IH with the complex formation and

K1ud11+ Lalt

acidity constant yields the overall exchange constant K

H+,IZ+ H+,l7‘+
Kform/diss Kexch = (Ka )Z ﬂLnI Kexch

(Und" ) HA (L 2) @uyU) ((nd®Vay | [L1*] _ i L 14.
“\ [mdH" ) [IFHIL) [H*a; — \ ndH') ) [Ll'ay — &t :

Therefore, the overall exchange constant may be replaced by the product of the exchange constant
of the naked ions, the complex formation constant, and the dissociation constant to the power of

www.annualreviews.org o Ionophore-Based Optical Sensors

493



494

the primary ion’s charge. The response function in Equation 10 can thus be equally formulated as
1 ( apo )Z Ry — (1 — a)Indr
ay = .
' 2K ) B KT\ —a ) (Lt —z7'n[Rr — (1 — a)lndr]}

exch

15.

Using software such as Mathematica, Matlab, or Excel, investigators can use this equation to
predict the sensor response under different parameters.

Although this approach is valuable for simulating the response of a certain IBOS to changing
ionophores or lipophilic indicators, a problem arises if Kclgh’lﬁ is unknown. For the primary
target ion, the value may be calculated using K, and B -+ values known from the literature

KIndHJr L7t

and the obtained overall exchange constant K.y

from curve fitting with Equation 10.
However, separately measuring KS;‘IH would be more convenient because it is a constant for
a certain combination of the target ion and proton in a defined sensor matrix. To obtain these
values, electrochemical methods are preferred because they enable the exchange constants to be
determined without additional ionophores or optical reporter dyes (84). A membrane consisting
.. .. .. . . X HE 17
of an ionic additive, plasticizer, and supporting polymer will readily supply the value of K, for
the various combinations of ions by measuring the standard potential (E°) in a separate solution
experiment (see Reference 74 for more details). The extrapolated potentiometric signal at 1 M after
fitting of the potential response in the Nernstian response region with the theoretical equation for
the various solutions allows for the calculation of Kgot, which corresponds to the unbiased exchange
constant at the interface. Although examples of these selectivities with different combinations of
plasticizers and ions can be found in the literature, no comprehensive list combines all these data
sets into a single source.

3.3. Response in the Presence of Interfering Ions

So far, the response function has considered only the response without interfering ions. Although
itis still very useful for understanding the different parameters contributing to the IBOS response,
real samples contain secondary ions that compete with the primary ions for binding sites in the
optode membrane. The above model can be extended to cases where secondary ions J of charge z;
compete with primary ions I of charge z;. The resulting complexes with the ionophore L have the
stoichiometries 7 and 7j, respectively. Separate exchange equilibria for each ion can be described as

zIndH™ (org) + niL(org) + I1*(aq) = 2zInd’(org) + L,, I (org) 4+ zH* (aq)
zIndH " (org) + n;L(org) + J7*(aq) = zJIndO(org) + L, J9*(org) + z;H* (aqg).
"This results in two separate overall ion exchange constants:

I Ly (Ind " (a11)* [y 9]
exch (IndH |2 [L]"a (1))

16.

it Ly g7 [Ind")3 @) [Ley S 17
exch - [17,ldH]ZJ [L]”JﬂJ (IJ) . .

The letters “IJ” in brackets after the activity indicate the activities in a solution that contain both

primary and interfering ions. Although the mass balance for the indicator (Equation 6) and the
definition of the protonation degree (Equation 5) still hold, the mass and charge balance have to
be extended to develop the response function for the primary ion directly:

LT = [L] + nI[L7ZIIZI+] + nJ[LnJJZJJr]; 18.

R = 2i[Ly I + 2 (L, J97] + [IndH ). 19.
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Figure 5

Graphical representation of the selectivity of ionophore-based optical sensors.

This equation system is significantly more complex than the single ion response function
developed above. Obtaining the analytical solution requires known complex stoichiometries and
is somewhat tedious. For the development of an exact solution, the interested reader is referred
to the Supplemental Text (for all Supplemental Material, follow the link from the Annual
Reviews home page at http://www.annualreviews.org).

The need for simplification has resulted in the development of a model that not only describes
the selectivity of IBOS in a more intuitive manner but also can be generalized for all stoichiometries
and ion charges. Considering a practical characterization concerning selectivity of the primary ion
I over an interfering ion J, one approach is to measure the response in terms of 1 — « versus log
 in a separate solutions method. The selectivity log kfj)“l is a product of the distance of the two
curves at a given protonation degree, typically 1 — « = 0.5 (see Figure 5) (85, 86).

This can be expressed mathematically as

Osel

I
0wt _ (D) log k9™ = log ar(1) — log ay(J). 23.

SETE)

By contrast, the activity of the primary ion in the mixed solution #;(IJ) can be considered as the

activity without interfering ions #;(I) reduced by the activity of the interfering ion weighted by
the selectivity factor kfj)sel:

(1)) = ar(1) — k*lay(1)). 24.

Hence, the response function in mixed solutions can be expressed by inserting Equations 15
(expressed for I and J) and 23 into Equation 24:

1 ( apo )ZI RT — (1 — a)IndT
KH+’IZI+

a(1]) = .
I 21(K)? B+ Kooy l—a) (Lt —z'm[Rr — (1 — )lndr]}n

— klay(1]), 25.
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Figure 6

Comparison of exact (Supplemental Equation 9) and simplified (Equations 25 and 26) solutions of the
response function for different cases. The complex stoichiometry for the interfering ion (ny) as well as the
charges of both ions zy and zj were set to 1. Membrane composition: Indt = Ry = 1/3Lt. Other parameters
(pH, Ky, B, Kexeh) have been adjusted to achieve 1 — o = 0.6 for logay = —5.

with

7]+

_ ny
oD 2Py Koy ( 1 e )J {Lr =2 'y Ry — (1 = )}

ay(J) a ZIﬂLnII”KeHx:l{]ZIJr Kil-«a {LT - ZI_lnI[RT —(1- Ot)lndT]}nI.

26.

kl(?sel —

Graphical comparison of the results for different values of 7; show that a slight difference between
the output of the exact (Supplemental Equation 9) and the simplified (Equations 25 and 26)
solutions is observed only for larger values of the complex stoichiometry and in the presence
of significant interfering ion activity (Figure 6). The possibility of generalizing the simplified
model outweighs the slight deviation. Thus, Equations 25 and 26 are recommended for fitting the
experimental data.

3.4. Detection Limit of IBOS

The lower detection limit of IBOS cannot be described in a universal way because it depends on
different factors. The detection limit can, for instance, be dictated by the following:

®  Interference from other ions (interfering ion dominates over primary ion)

B The noise level of the instrument

® Loss of sensitivity due to the sigmoidal shape of a response curve

B Analyte depletion (e.g., a measurement changes the analyte concentration in a sample, re-
sponse time is too long).
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Detection limits based on @ interference from the background, @ instrumental noise level, or ® loss of
sensitivity (threshold slope).

In case 1 in Figure 7, the detection limit #;(DL) can be predicted by the activity of the interfering

ion 4y and the selectivity coefficient kf}“l according to

a(DL) = k*'a;. 27.

"This is equivalent to the ion activity of a response curve without an interfering ion at a protonation
degree equal to the maximal protonation degree when no primary ion but only an interfering ion
is present (see Figure 7). A more practical definition of the detection limit (case 2 in Figure 7)
can be given by transforming the noise level of the instrumentation into a A« value. Then,
6 times A« is usually subtracted from the maximum 1 — « in the mixed solution (background ions
only), and the intersection of a horizontal extrapolation with the response function determines
the lower limit of detection. Sometimes, the detection limit is also defined by the requirement of
a minimum sensitivity (slope of the response function) (case 3 in Figure 7).

Finally, an effective limit of detection is also observed as a result of the required extraction of
analyte to the bulk of the IBOS. The minimally required change of protonation degree requires
a certain amount of analyte, and at low concentration or low sample volume, this may result in a
limitation from the sample side. As such, either a significant change in the sample composition
owing to the measurement or an unacceptable response time defines the lower limit of detection.

Because most detection limits are directly or indirectly influenced by the sigmoidal shape of
the response curve, researchers recently tried to increase the dynamic measurement range using
a mathematical linearization method, i.e., logit linearization (see Reference 29). By plotting the
logarithm of (1 — «)/a versus log 4y, the authors achieved an increase of the measuring range from
the typical 3 to 8 orders of magnitude. Although a mathematical linearization cannot overcome
the limitation given by the instrumental noise or the limitation due to background ions or sample
depletion and should not be combined with traditional least-squares weighting of the data, this
method represents a convenient simplification of the readout of IBOS.
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The total measuring range can be described as the region between the upper and lower de-
tection limits. The upper detection limit can be understood as an increase of ion-exchanger site
concentration owing to the coextraction of the electrolyte, but this has not been studied in great
detail (30). The sigmoidal response curve still implies a loss of sensitivity close to the upper de-
tection limit, which can be quantified by analogy to cases 2 and 3 in Figure 7. However, highly
lipophilic ions in the sample can cause nonspecific coextraction, which shifts the practical mea-
suring range. For a cation-specific IBOS based on ion exchange, electroneutrality in the sensing
phase would be maintained by coextracting the lipophilic anions together with the target cation
in parallel with the desired exchange of protons bound to the indicator dye.

Measuring ranges defined by a limiting slope of the response curve can be calculated from the
response function. The range in terms of analyte concentration depends drastically on the sensor
composition, complex stoichiometry, and charge of the involved ions. However, the protonation
degree in all cases is between 0.1 and 0.9. In general, the slope of the response curve decreases
with increasing charge z and complex stoichiometry 7 of the ions (25).

3.5. Response Time of IBOS

For equilibrium-based IBOS, the necessity of extracting the analyte into the bulk of the membrane
results in significantly longer response times than achieved via comparable surface- or interface-
based techniques, such as ionophore-based ion-selective electrodes. The response time of most
commonly used membranes, i.e., plasticized PVC [poly(vinyl chloride)] with a thickness of several
micrometers, is usually dominated by the diffusion time in the bulk of the membrane. Simplify-
ing this case by assuming an average, concentration-independent diffusion coefficient D,, in the
membrane results in a simple relationship between the square of the membrane thickness and the
response time (25):

dz
95 —113D7m 28.
Using typical diffusion coefficients for ionic species in such membranes of D, ~ 10~% cm
results in a response time of approximately 1 s for a film of 1-um thickness. Note that spherical
IBOS particles instead of planar film optodes may decrease the response time substantially because
of spherical diffusion.

However, the limitation of the diffusion in the membrane phase is given only at relatively high

2 1

s

analyte concentrations. Lerchi et al. (53, 87) observed earlier that the response time of extremely
sensitive IBOS for heavy metals is mainly dependent on mass transportin the solution. As a result of
extremely enhanced mass transport through the large surface/volume ratio of the nanoparticles, the
application of small IBOS nanoparticles in well-mixed suspension should overcome this problem.
Finally, reducing the amount of active compounds in IBOS also results in a decreased response
time. However, the lower sensitivity of absorbance-based measurements, in particular, results in an
instrumentation-based limit. Employing fluorescent dyes provides intrinsically higher sensitivity.
Lessons to learn from theoretical response curves include the following:

B The response function can be utilized to fine-tune and predict the influence of IBOS com-
position on the sensor characteristics in equilibrium mode.

®  Independentionophore and lipophilic indicator optimization allows for maximized flexibility
in the design of optical ion sensors.
pH dependency of the response can be exploited to tune the responsive range of IBOS.
IBOS usually respond slower than do surface optodes or potentiometric sensors, but new
particle-based techniques will likely overcome this limitation in the near future.
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4. SENSOR CONFIGURATIONS AND INSTRUMENTAL ASPECTS

4.1. Absorbance Readout Mode

Absorbance is by far the most applied readout concept in IBOS research today. Especially in the
early years, most groups relied on absorbance because of the robust, cost-effective, and simple in-
strumentation. The direct correlation between the absorbance and concentration of the absorbing
species through Lambert-Beer’s law also provides a straightforward correlation of the protonation
degree and the physical signal of an IBOS. Moreover, the absorption of light by a lipophilic pH
indicator can be exploited in many different ways. Although measuring IBOS using thin films
coated onto glass or quartz slides in transmission mode is still used for fundamental studies, the
drawbacks of relatively bulky equipment and limited portability stimulated researchers to explore
different concepts. Another disadvantage of measuring in transmission mode is the inverse corre-
lation of signal and response time: Thin films result in a shorter response time but lower signal.
In fact, the response time increases with the square of film thickness, whereas the signal is directly
proportional to it. The limit in thickness is given by the minimum amount of dye molecules in
the optical path required for obtaining a reliable signal. The question is therefore: How can one
improve the optical signal without increasing the film thickness? In theory, there are at least three
different ways: (#) maximizing the concentration of dye in the sensor, () applying indicators with
a high molecular absorption coefficient ¢;, and (¢) maximizing the optical path length without in-
creasing the membrane thickness. The first approach is simple but limited by the solubility of the
dye in the matrix material. Similarly, applying high-¢; indicators is obvious, but the availability of
lipophilic pH indicator dyes sets a limit here as well. An ideal indicator for IBOS is highly soluble
in the matrix material, has a high ¢;, and is also poorly soluble in the sample solution. The latter
aspect is important to avoid leaching of the dye from the sensor. Finally, increasing path length
without increasing film thickness can be achieved by changing the geometry of the readout. In-
stead of sending the light perpendicular through the film, it is beneficial to guide the light through
a thin film or exploit the evanescent wave of light in a total internal reflection mode. Suzuki and
coworkers (35) evaluated these two approaches for IBOS and other groups later employed them
to produce IBOS with improved sensitivity (64, 88-91). Especially the active waveguide approach
in which the light passes through the IBOS film shows a very attractive sensitivity improvement
owing to the increased path length of the light. However, the response time is still governed by
the diffusion perpendicular to the membrane. A similar approach can be taken by using a porous
material with a high specific area to obtain a faster equilibration of the sensing phase with the
sample. This was, for instance, realized by coating an IBOS cocktail onto porous microparticles
(31, 36).

When we observe the response of an IBOS to a changing analyte concentration, we see a
combination of transmission and reflection signal. Hence, it should also be possible to quantitate
the sensor response by mimicking the human eye. A number of reports describing such approaches
have been published, and this concept has recently gained interest in the scientific community.
Reflection as the readout mode has several advantages over transmission. Primarily, the optics of
the light source and detection can be located on the same side of the sample. Thus, this allows for
the application of bifurcated fiber bundles to the readout of immobilized particles coated with an
IBOS film (31, 36, 85). Furthermore, opaque or turbid sensors are no longer problematic because
the background due to light scattering by the sample in transmission mode is less disturbing.
This is also beneficial for disposable test-strip sensors, whose employment for optical detection of
various compounds using reflectometric photometers such as the Seralyzer occurred long before
the real advent of IBOS (92, 93). Finally, low-cost pieces of equipment, such as digital cameras and
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scanners, have become attractive tools to replace costly spectrophotometric equipment. Especially
in recent years, the adaptation of the well-understood IBOS theory to low-cost, easy to use optical
ion sensors has become a prominent topic in research. Johnson et al. (12), for instance, presented
a highly developed yet simple centrifugal microfluidic platform with integrated IBOS. The device
was designed to be operated using both mechanics and optics of conventional DVD players.

Note that once the characteristics of an optical sensor in contact with a sample are well un-
derstood, it will also be possible to develop low-cost equipment for transmission-based sensors.
A full spectral characterization is no longer required. In fact, even referenced sample readout is
possible with measurement at only two wavelengths. Researchers (94) have developed portable
photometers in which LEDs (light-emitting diodes) and photodiodes are employed as light sources
and detectors. Such devices have been applied to measure both cations (95) and anions (96) in
real samples. In applications where qualitative or semiquantitative information about the analyte
concentration is sufficient, so-called naked-eye sensors represent an attractive alternative to the
instrumental approach for signal readout. Here, IBOS are optimized to show maximum color
change in the appropriate concentration range of the analyte. Such ionophore-based optodes can
provide information on the transition metal content in aqueous samples (97). Nevertheless, the
new trend toward the ubiquity of mobile devices with powerful digital cameras has stimulated
researchers to exploit this technology for optical chemical sensors. The Capitin-Vallvey group
(40, 98, 99), in particular, has made tremendous efforts to establish the necessary basis to allow a
reliable and flexible yet simple readout of IBOS using such devices.

4.2. Fluorescence Readout Mode

The availability of fluorescent lipophilic pH indicators has had a tremendous effect on the appli-
cability of IBOS to various applications. Owing to their intrinsically higher sensitivity, less-active
components are necessary for obtaining reliable signals. Hence, thinner-film optodes can be em-
ployed to reduce the response time and, in theory, the limit of detection. Moreover, fluorescence
measurements allow, similar to reflectance or colorimetric readout, the location of both the excita-
tion source and detector on the same side of the sample. Although few reports discuss absorbance
measurements on particle beds (85) or single microparticles (100), multiplexed particle arrays
(101), flow cytometric applications (13, 14), as well as nanoparticles for imaging applications (4,
102, 103) depend solely on fluorescence as a detection technique. The first miniaturized IBOS
based on optical fibers with coated tips were also based on fluorescence (5, 104), although here
a combination of absorbance and fluorescence based on an inner-filter effect was applied. This is
a convenient way to transform an analyte-dependent absorbance signal of a nonfluorescent pH
indicator into a fluorescence signal. Provided that there is a good spectral overlap between the ab-
sorbance band of the indicator and the emission band of a nonresponsive, luminescent reporter dye,
the emission signal can be reabsorbed by the indicator dye. Hence, a change in absorbance directly
translates into a change in the fluorescence signal. IBOS in various formats have been reported on
the basis of this system, most often employing the fluorescent reporter 1,1’-dioctadecyl-3,3,3',3'-
tetramethylindocarbocyanine perchlorate (DiIC18) in combination with Nile blue derivatives such
as ETH 5418 or ETH 5294 (5, 15, 105). In fact, many combinations of reporter and indicator
dye are suitable, provided they show appropriate spectral overlap and sufficient solubility in the
matrix material. Recently, Xie etal. (16, 106) introduced an exciting variant of this approach. They
employed dual-emission upconverting nanorods as the infrared-excitable reporter. Interestingly,
the two emission bands show perfect overlap with both bands (acidic and basic) of lipophilic Nile
blue derivatives such as ETH 5418 and ETH 5294. This means that the emission of the nanorods
at two distinct wavelengths can be absorbed by the different absorbance bands of the indicator dye.
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Therefore, a direct transduction of the full ratiometric behavior of the indicator to an otherwise
nonresponsive fluorescent reporter is possible.

4.3. Other Readout Modes

Besides the two main readout modes for IBOS,; i.e., fluorescence and absorbance, other techniques
such as refractive index or surface plasmon resonance (SPR) have been successfully applied. Freiner
et al. (107), for instance, proposed a waveguide setup where the refractive index of an IBOS film
changes upon analyte binding. This variation was then translated into an apparent change of
the underlying waveguide, thereby altering the output signal. Kurihara et al. (108) spin-coated
conventional SPR chips with a cocktail to develop SPR-based IBOS. Later, the same group (109)
discovered that the conical shape of gold-coated, chemically edged optical fibers also allows for
the generation of SPR.

4.4. Referencing Concepts

Compared with electrochemical sensors, optochemical sensors have certain advantages in terms of
signal stability. However, the utilization of light as a transducing mechanism also introduces unique
problems. Independent of the type of signal collected (absorbance or fluorescence), the signal
intensity depends on various factors such as the intensity of the light source, the concentration
of the dye, detector sensitivity, loss of intensity in light-guiding material, sample turbidity, and
background signal from the sample, among many others. As such, designing and making an IBOS
that responds to the analyte concentration is fairly straightforward, but designing a robust yet
simple IBOS is much more challenging. Fortunately, there are several referencing techniques
where the analyte-dependent signal is related to a second signal that may or may not be analyte
dependent. In these cases, many of the above-mentioned optical interferences can be corrected,
given that these interferences affect both signals in the same way.

4.4.1. Ratiometric referencing. The combination of a luminescent lipophilic pH indicator and
a luminescent reference dye, for instance, would yield a system that is stable against all changes
concerning the intensity of the excitation light (see Figure 8). Here, the intensity ratio at the two
wavelengths can be used as a signal and replaces the intensity at the analyte-dependent wavelength.
A change in excitation intensity, for instance, would affect both peaks in the same way; therefore,
no signal change would be detected. However, a change in analyte concentration should affect only
the peak of the indicator dye. In this case, the protonation degree can be calculated in complete
analogy to a single wavelength readout because all signal Sp,x, Smin, and S are divided by the same
analyte-independent reference signal S,.s. Hence, for a system with increasing signal intensity at
increasing protonation degree 1 — «, the following expressions are valid:

Riax = Smax/Srefv Riin = min/Sref and R= S/Sref; 29.

1 S— Smin S/ Sref - Smin/ Sref R — Rmin 30
— = = = . .
Sm:lx - Srnin Smax/ Sref - Smin/ Sref Rmax - Rmin

A different ratiometric referencing scheme can be used for dual-emission or dual-absorbance dyes

(110). Here, both spectral bands depend on the protonation degree of the indicator, but in opposite
ways. A prominent example of such a dye is the Nile blue derivative ETH 5418 for which the
correlation of the protonation degree and the ratiometric value has to be considered. ETH 5418
exhibits an absorbance peak S; at 1 = 540 nm that decreases and another peak at 1, = 590 nm
(S>) that increases with increasing protonation. The protonation degree can now be expressed in
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two ways:
Sl max — Sl
| —g = —tmx =1, 31
* Sl,max - Sl,min’
SZ - SZ min
l-a=——7—. 32.
“ SZ.max - SZ.min
If the ratio is formed by always dividing the signal at A, by the signal at 24,
R=S/S 33.
and
Rmax - SZ.max/ Sl,min Rmin - SZ,min/ Sl.max- 34.

Solving Equations 31 and 32 for S and S5, respectively, inserting the results in Equation 33, and
solving for 1 — « gives

_ SZ,min - RSl,maX

B R(Sl,min - Sl,max) - SZ.max + SZ.min .

After replacing S; oy and S iy in Equation 35, using Equation 34, and rearranging the resulting
equation, 1 — « can be expressed as

l—«

35.

(R - Rmin)S F R — Rmin -
= =1—-(14+SF— 36.
Rmax + R(SF - 1) - Rmin SF * Rmax - R '

where SF is the scaling factor

l—«a

SF = Sl,max/Sl,mim 37.

It is important to note that the scaling factor is always the ratio of signal at the wavelength used
as the denominator in Equation 33, i.e., the referencing signal. Moreover, Equation 36 also holds
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when the intensity at the reference wavelength is independent of the analyte concentration (see
Figure 8), because the scaling factor becomes 1 and Equation 36 becomes Equation 30. The
above-mentioned equations hold for both absorbance and luminescence readout schemes.

4.4.2. Decay time and colorimetric approaches. Although most referenced IBOS are obtained
using the above-mentioned ratiometric approach, other approaches may be used to obtain robust
signals from optical sensors. Environmental background light, for instance, can be efficiently
suppressed by using a modulated excitation light. Consequently, subtracting a nonmodulated
background from the modulated signal of the IBOS becomes a straightforward task, and the
signal-to-noise ratio is greatly increased even at a low signal intensity. Although this is a well-
known and established technique for background subtraction in optical devices, readout of IBOS
with modulated signals has been carried out only using commercial modulated spectrophotome-
ters. A more sophisticated technique for referencing is the application of fluorescent indicators
with a pH-dependent decay time (or lifetime). The decay time of a fluorophore is an intrinsically
referenced signal because it does not depend on intensity-influencing factors such as the excitation
light or the concentration of the indicator dye, so long as the dye concentration does not change
the response function developed in Section 3. If a fluorescent lipophilic pH indicator with such
properties is employed, vastly enhanced performance of the IBOS is expected. Time-resolved
fluorescence pH measurements have been demonstrated using resorufin with a pulsar technique
(111) and using an immobilized carboxy seminaphthofluorescein-1 in the frequency domain (112).
A detailed discussion of decay-time techniques is omitted here because, to the best of our knowl-
edge, these techniques have not yet been employed for IBOS. The main reason for this may be
the relatively expensive equipment required for measuring decay times in the nanosecond range.
However, measurements in the frequency domain may be an attractive option for IBOS, especially
for biological imaging where background fluorescence often hampers reliable readout of optical
SEnsors.

An interesting development that, in some way, is a combination of both ratiometric and life-
time referencing techniques is the so-called dual-lifetime referencing approach (113). Here, a
fluorescent pH indicator can be combined with a phosphorescent reference dye, preferably one
with otherwise similar spectral characteristics. When this combination of dyes is excited with a
sinoidally modulated light source, the resulting emission light is modulated by the same frequency.
However, the output will have a certain phase shift compared with that of the excitation source.
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Figure 9

Correlation of the phase shift A ¢ with the amplitude of the light emitted from the indicator dye in a dual-lifetime referencing scheme.
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Because the resulting phase shiftis proportional to the intensity ratio of both dyes, a frequency that
is adapted to show the maximal phase shift of the reference dye may be chosen and the phase shift
may be correlated to the protonation degree of the pH indicator (see Figure 9). The advantage of
this approach is the possibility of measuring lifetimes in the micro- to millisecond range, which,
compared with fluorescence decay-time measurements, greatly reduces instrumental complexity.
Interestingly, there are no reports so far on the successful application of this approach using IBOS,
although it was introduced using ion sensors based on a hydrogel immobilized chloride indicator
(113). We expect that decay-time-based referencing schemes will find their way into the applied
research of IBOS in the near future.

Reflectometric measurements can also be referenced by comparing the diffuse reflectance of
an analyte-sensitive IBOS spot with a simultaneously evaluated spot that is free of colored species,
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Figure 10

Schematic of a light-responsive ionophore-based optical sensor selective for chloride.
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i.e., is white. Here, the relative reflectance signal Sij = Siens/ Sref is not directly proportional to the
analyte concentration, but it can be transformed into the Kubelka-Munk function f(S), which
is proportional to the concentration of the colored species (e.g., cyqpr+) according to

(1 = Sr)?
f(Srel) = Tle = kCIndHJr' 38.
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Figure 11

Photoregeneration of an exhaustive-exchange ionophore-based optical sensor, which will extract all available
analyte cations (M) from a sample. Illumination then regenerates the original, receptive state of the sensor.
Abbreviations: A™, anion; Ind, lipophilic pH-indicator; L, ionophore; R™, anionic site.
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Tohda et al. (114, 115), among others, have developed an exciting application for this concept.
They established a colorimetric readout of IBOS for multianalyte sensing in the interstitial space
of human skin.

A relatively new and promising technique, especially for low-cost equipment, is the evaluation
of the hue value H of the HSV (hue, saturation, value) color space as an analytical signal in bitonal
optical sensors. The H value represents the color of a material and should be independent of factors
that determine the signal intensity, such as film thickness and illumination light intensity, making
it an attractive physical property to correlate with analyte concentration. Although conventional
imaging devices usually generate images in the RGB (red, green, blue) color space, it is fairly
straightforward to calculate H from the different intensities in the RGB space. Cantrell et al. (116)
demonstrated that the H value is surprisingly more robust than simple two-channel ratiometric
measurements in bitonal IBOS.

5. CURRENT DEVELOPMENTS IN IBOS: PHOTODYNAMIC SENSORS

Recently, researchers introduced a new concept concerning dynamic optical ion sensors based on
the replacement of IBOS components with light-responsive analogs. The pK, value of the pH
indicator or the complex formation constant of the ionophore in an IBOS, for instance, has a
direct effect on the response function (see Section 3.2). Therefore, a dynamically changing sensor
response may be anticipated via the introduction of a pH indicator, which changes its pK, value in
response to an external stimulus. One especially promising example is spiropyran: Upon irradiation
with UV light, spiropyran increases its apparent pK, value in a plasticized PVC membrane by more
than six orders of magnitude (84). In addition to its dynamically changeable affinity for protons,
this compound exhibits a fluorescence spectrum that depends on the protonation degree, making
it a suitable pH indicator for dynamic IBOS. Exploiting this property, we designed a switchable
IBOS for chloride (117), sodium, and calcium (118). A schematic representing this sensor is shown
in Figure 10.

So far, this concept has been used to switch an IBOS from a nonequilibrium to an equilibrium
mode, thereby changing the dynamic IBOS from a state where ion exchange or coextraction was
blocked (“off”) to a responsive state (“on”). Other cases are imaginable: Switching could trigger
a more severe jump in the response. Changing the affinity for one of the ions involved so that
the final state is on the other extreme of the response curve would yield an exhaustive exchange
system, as explained in Section 2.1, although a dynamic regeneration step is now possible (see
Figure 11). It is important to note that a huge dynamic shift in the response curve implies a
huge shift in the affinity of one of the active components for its respective target ions. As such,
this concept relies on the availability of molecules that allow for a phototriggered change in

affinity.

SUMMARY POINTS
1. The availability of response functions for different types of IBOS greatly facilitates the

identification of crucial parameters in sensor design.

2. A robust and easy to use IBOS requires an intelligent referencing scheme. Although
ratiometric referencing is usually simple to achieve, intrinsically referenced signals,
such as luminescence decay time, should be applied more often for IBOS in the near
future.
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3. Despite the long history of IBOS, new and exciting concepts and extensions to con-

ventional techniques are regularly introduced into the field. For example, IBOS with
photoactive compounds allow IBOS applications otherwise impossible with static IBOS
components.
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