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Optical sensors have numerous positive attributes such as low invasiveness,
biocompatibility, and ease of signal transduction. Recently, there has been a strong research focus on
using phosphorescent specifically from long-lifetime phosphorescent or

‘persistent luminescence’ particles, for in vitro and in vivo sensors. Persistent luminescence readouts can

miniaturizability,

readout mechanisms,

avoid cellular autofluorescence during biological monitoring, leading to an improved signal-to-noise
ratio over a more traditional fluorescence readout. In this study, we show for the first time an
ionophore-based optical bulk optode sensor that utilizes persistent luminescence microparticles for ion
detection. To achieve this, we combined long-lifetime strontium aluminate-based ‘glow-in-the-dark’
microparticles with a non-fluorescent pH-responsive dye in a hydrophobic plasticized polymer
membrane along with traditional ionophore-based optical sensor components to create

Received 11th July 2019 , , - . .
Accepted 6th October 2019 a phosphorescent ‘Glow Sensor'. The non-fluorescent pH indicator dye gates the strontium aluminate
luminescence signal so that it decreases in magnitude with increasing sodium concentration. We

DOI: 10.1039/c9ra05313a characterized the Glow Sensor in terms of emission lifetime, dynamic range, response time, reversibility,
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Introduction

Optochemical sensors, where a target analyte triggers an opti-
cally detectable change in the device (typically through absor-
bance or fluorescence readings), have advantages over
electrochemical techniques that include low-invasiveness,
spatial imaging, spectral multiplexing, and offline monitoring
that make them ideal for many advanced biological applica-
tions. Of the many classifications of optochemical sensors,
polymer-based ‘bulk optode’ sensors have proven to be robust
devices capable of detecting analytes such as creatinine,*
sodium,>® potassium,* calcium,® lead,” and lithium.® Bulk
optode sensors have a low cost of manufacturing and can be
easily miniaturized into polymeric nanosensors’** for spatially-
resolved sensing and imaging with low invasiveness since they
remove the need for surgical implantation.

For cation sensing, ionophore-based optical sensors (IBOS)
offer a facile and tunable approach that can be utilized in both
polymer-based bulk optodes***> and bulk optode-based nano-
sensors.” ™ IBOS typically consist of an ion-binding molecule
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(ionophore) for analyte recognition, an optical pH indicator,
and a charge-balancing additive, all contained within a hydro-
phobic plasticized polymer matrix. The sensor response is
based on well-established ion exchange theory'** that involves
extracting the target cation from the sample to the sensor
matrix to bind with the ionophore, causing deprotonation of the
pH indicator and therefore a change in the sensor optical
properties. The target analyte is determined by the choice of
ionophore and the dynamic range of the sensor can be finely
tuned to match a chosen application by using multiple pH
indicators with appropriately spaced pK,'s.**

Among the remaining issues to be addressed with polymer-
based bulk optode sensors and nanosensors are signal attenu-
ation and interference from biological autofluorescence and
light scattering. Typically, organic fluorescent indicators have
served as the pH indicators in these sensors, but organic indi-
cators tend to suffer from poor tissue penetration and photo-
bleaching from repeated stimulation with light. As an
alternative to organic fluorescent indicating molecules, a few
reports have demonstrated that brighter and more stable indi-
cators can be used for signal transduction. These indicators
tend to be chemically inert toward target molecules, but their
signal can be gated by a non-fluorescent pH sensitive dye with
a wide absorption spectrum, such as blueberry-Cé-ester-652
(Blueberry dye) a concept demonstrated by Sahari et al.'® with
quantum dots. In this setting, the target cation binds to the
ionophore, causing deprotonation of the Blueberry dye, which
in turn gates the luminescence of the signaling element. This
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concept has been demonstrated with quantum dots and has
been extended to carbon dots.*

Signal interference from biological autofluorescence and
light scattering has been addressed in other classes of
sensors®?® and in imaging techniques**>° by using phospho-
rescent materials for signal transduction. Fluorescent indica-
tors and background autofluorescence in biological samples
have emission lifetimes in the range of 10™° to 10~ s, while
phosphorescent indicators have longer emission lifetimes,
ranging anywhere from microseconds to many hours.** There-
fore, by using a phosphorescent indicator and programming
a delay between sensor excitation and emission collection,
signal transduction from the sensor can avoid these back-
ground signals. Among a variety of materials that can display
phosphorescent emission, of particular interest is ‘long-lifetime
phosphorescent’ or ‘persistent luminescence’ particles, which
come in the form of an ion-doped inorganic matrix and display
exceptionally long luminescent lifetimes, typically on the order
of hours or even days.*” In 2011, Wu et al. developed an assay for
a-fetoprotein based on the modulation of Fluorescence Reso-
nance Energy Transfer (FRET) between persistent luminescence
particles and gold nanoparticle conjugates.*® Since then,
persistent luminescence particles have been used as reporters
in lateral flow assays,** in immunoassays,* for tumor imaging>®
and therapy,**® and in sensors for select analytes such as
ascorbic acid,** avidin,* 2,4,6-DNA molecular hybrids,** TNP,*
and cyanide® through a variety of mechanisms.

In this paper, we formulate and characterize a persistent
luminescence ‘Glow Sensor’ that is, to the best of our knowl-
edge, the first use of persistent-luminescence particles as the
signal transduction element in ionophore-based optical
sensors. We describe bulk optode sensors for sodium detection
as a proof-of concept instead of nanosensors due to the size of
the persistent luminescence microparticles (15-35 pm) being
larger than typical nanosensor diameters (~180 nm), although
the sensor mechanisms are the same. The sensor incorporates
alkaline rare earth metal silicate-aluminate oxide europium
doped microparticles and Blueberry dye into a plasticized
polymer matrix along with the remaining IBOS components to
create a sodium-selective sensor via the IBOS mechanism
described earlier, but with the added step of Blueberry dye
gating the persistent luminescence microparticle signal (Fig. 1).
The Glow Sensor is reversible and highly selective against other
potentially interfering cations such as potassium and lithium
and has a steady response range over 14 days.

Results and description

To characterize the response to sodium, we exposed Glow
Sensor spots (Fig. 2B, inset images) to a variety of solutions with
different NaCl concentrations while recording luminescent
emission from the spots with a fluorescence microscope. An
automated program was run to open and close a shutter
between the excitation source and the sample three times over
the course of 150 s. We also exposed the Glow Sensor spots to
0.1 N HCl and 0.1 N NaOH to test the maximum and minimum
response of the spots (i.e. fully protonated and deprotonated
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Fig.1 Glow Sensor mechanism. A charge balancing additive holds the
Blueberry dye in a protonated state in the absence of sodium. Sodium
from the test sample is extracted into the sensor core where it binds
with the ionophore. Charged sodium ions force the deprotonation of
the Blueberry dye to maintain electroneutrality in the organic phase.
When deprotonated, the Blueberry dye absorbs photon emission from
the persistent luminescence microparticles, minimizing the observed
phosphorescence.

dye
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ion

states of the Blueberry dye). Initially, four Glow Sensor spots
were analyzed for Na' responsiveness. The luminescence
intensity emitted from the four individual spots during this
automated program under different test conditions is shown in
the left column of Fig. S1.1 This figure also shows that these
Glow Sensor components are well optimized since the
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Fig. 2 Signal analysis for Glow Sensor spots. The Blueberry dye in the
sensor turns from clear to blue upon deprotonation, increasing the
absorbance of the glow from the persistence luminescence micro-
particles, thereby decreasing the amount of measured luminescence
in basic solution. Due to the presence of sodium ionophore, the
addition of sodium causes the same deprotonation of the Blueberry
dye. (A) Phosphorescent decay curves (n = 3) from a single sensor spot
averaged together at increasing sodium concentrations. Dotted lines
show area of integration used to calculate sensor response. (B) Dose/
response curve showing average response to sodium of the four
individual sensor spots. This shows that the sensor phosphorescence
decreases as a function of sodium concentration. (B, inset) Images of
the phosphorescent spots under acidic (bright) and basic (dim)
conditions.
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fluorescence of the spots under the lowest NaCl test condition
(1077 M Na) is roughly the same as the fluorescence of the spots
when the Blueberry dye is fully protonated under acidic condi-
tions. Furthermore, when the spots are fully deprotonated
under basic conditions, they have a luminescence only slightly
above the background noise of the system (Fig. S2t). The Glow
Sensor signal, when exposed to HEPES/TRIS buffer, persists
above background levels on the minute scale (Fig. S37).

Fig. 2A shows the phosphorescent decay curves for spot A
(see the right column of Fig. S1f for the spots B, C, and D
phosphorescent decay curves). The error bars in Fig. 2A show
the variability in the three decay curves collected for each test
condition. Most error bars are smaller than the size of the data
point symbol and therefore are not visible, indicating that the
decay dynamics are consistent when the Glow Sensor is fully
excited. For signal transduction, we integrated under the curve
of each phosphorescent decay from 1 to 2 s after blocking
excitation, shown as the average of the normalized response of
all four spots in Fig. 2B. The Glow Sensors respond to Na" with
alinear range from 2.4 mM to 414 mM Na" and an a5 of 52 mM
Na', where a,5 represents the Na' concentration at the
midpoint of the sensor's dynamic range and the concentration
of maximum sensitivity. The Glow Sensor is more suitable for
physiological monitoring than for trace detection, with a linear
range encompassing the physiologically relevant concentra-
tions of Na' (135-150 mM).*®

To confirm the response mechanism, we made two control
optodes - one lacking the Blueberry dye, and one lacking the
persistent luminescence microparticles. With no Blueberry dye,
the spots have a luminescence on the same order of magnitude
as the Glow Sensor spots (Fig. S47) but have no response to
sodium (Fig. S5,t left panel) as expected with no optical gating
in the system. With no persistent luminescence microparticles,
the optode has no phosphorescence, as expected (Fig. S5, right
panel). Only with both Blueberry dye and persistent lumines-
cence microparticles present in the optode (along with the
remaining sensing components) does the optode shows
a distinct decrease in luminescence and phosphorescence in
response to increasing Na' concentration. Energy coupling is
possible between Blueberry dye and persistent luminescence
microparticles because the emission phosphorescent peak of
the persistent luminescence microparticles overlaps with the
wide absorbance spectrum of the Blueberry dye (Fig. S6t).
Fig. S61 also shows that optode spots made without Blueberry
dye do not change in their phosphorescence spectra between
acidic and basic conditions, further confirming that Blueberry
dye is necessary to change the phosphorescence intensity of the
Glow Sensor spots. Energy coupling is likely due to either
resonance transfer or the inner filter effect.

We also characterized the Glow Sensor in terms of response
time, reversibility, selectivity, and stability (Fig. 3). The response
time was investigated by equilibrating a single spot in 0 mM
NacCl, then switching to a 100 mM NacCl solution and beginning
an extended shutter program that alternately opens and closes
the shutter for 15 min (see Fig. S71 for full luminescence
intensity over the course of this experiment). The sensor signal
was plotted against time and fit with a one phase exponential
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Fig. 3 Full Glow Sensor characterization. (A) Sensor signal after
addition of 100 mM sodium. Response time of the sensor is 9.6 min
(Tys). (B) Reversibility of the sensor analyzed by exposing sensor to
alternating solutions of 0 mM and 100 mM sodium. (C) The sensor is
highly selective against the potentially interfering ions Li* and K*. (D)
The sensor response to sodium is stable over 14 days.

decay model to determine a to5 (i.e. the time it takes to reach
95% of equilibrium) of 9.6 min (Fig. 3A). While this response is
slower than ideal for some biological applications, it is
controlled by diffusion of the analyte into the optode
membrane. This means that the response time will improve
drastically with miniaturization into nanosensors - the subject
of future study. A key advantage of the equilibrium-based
mechanism of IBOS is that it leads to a reversible sensor
which can be used to monitor analyte fluctuations in either
direction. We tested the reversibility of four new Glow Sensor
spots by exposing each to alternating solutions of 0 and 100 mM
NaCl for a total of 10 measurements (steps). The sensor signal
reliably decreased in the presence of Na" and increased in 0 mM
NacCl solution for 5 cycles, shown in Fig. 3B. The selectivity of
the Glow Sensor toward the potentially interfering cations K"
and Li" were also investigated, resulting in selectivity coeffi-
cients of —2.2 and —3.3, respectively. However, due to the
minimal response to the off-target analytes (Fig. 3C), these are
poorly constrained. The high selectivity of the Glow Sensor may
be attributable to the binding strength of the ionophore, though
the selectivity appears to be better than other ionophore-based
sensors utilizing the same ionophore (NaIX).”® Finally, the
stability of the Glow Sensor was investigated by analyzing the
response of four spots over a period of two weeks (Fig. 3D).
Minimal drift of the sensor response was as seen in this time
frame. A Welch's ¢-test concluded that a significant decrease in
the 5 occurred only between day 2 and 3 (Fig. S87).

The brightness of the Glow Sensor spots during analysis
varied considerably from spot to spot throughout this work,
likely because the size of the spots were not well controlled due
to two factors. Tetrahydrofuran (THF), the medium of the
optode cocktail solution, is highly volatile, leading to difficulty
in reproducibly using small volumes to fabricate the spots (2 pL
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for all spots in this work). Also, the persistent luminescence
microparticles used were 15-35 pm in size and were not small
enough to be colloidally stable in solution, making the optode
cocktail/microparticle ratio uneven during the spotting process.
However, when the response of each sensor spot is normalized
between the response to 1077 M Na and 0.1 N NaOH, the
difference between the spots is minimal (Fig. S91). Further-
more, the datasets from collections of spots used for different
experiments (Fig. 2B, 3C and D) have dose/response curves that
are consistent with each other (Fig. S107).

While the optode spots in this work serve as a crucial proof-
of-concept for persistent luminescence detection, the mecha-
nism will more useful for biological sensing and imaging with
miniaturization into polymer-based nanosensors, the subject of
future study. This requires nanosized persistent luminescence
particles, which are not available commercially but have several
reported synthesis routes.**** Nanosized persistent lumines-
cent particles will have shorter emission lifetimes, but should
still be long enough to avoid background noise from biological
autofluorescence and scattering. An integration time of 1to 2 s
post-excitation was arbitrarily chosen in this work, but can be
shortened to accommodate shorter lifetime persistent lumi-
nescence nanoparticles while still remaining long enough to
avoid background signal.

Conclusions

In this work, we developed an ion selective ‘Glow Sensor’ by
using persistent luminescence microparticles as an optical
reporter with an ionophore-based detection mechanism for the
first time. We show that the persistent luminescence micro-
particles couple with a pH-sensitive Blueberry dye so that the
luminescence of persistent luminescent microparticles is
increasingly quenched as Blueberry dye deprotonates in
response to increasing Na' concentrations. The optode spots
are sensitive to sodium and highly selective against potentially
interfering K" and Li" ions, but the selectivity can easily be
changed toward a different ion target by choosing a different
ionophore. The Glow Sensor is also reversible and the response
is stable for at least 14 days. The response time for the sensor is
~10 min which is less than ideal for most advanced applica-
tions, but this can be drastically improved with miniaturization
of the spots into nanosensors, which is the focus of ongoing
work.
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