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ABSTRACT: Fluorescent nanosensors have revolutionized diag-
nostics and our ability to monitor cellular dynamics. Yet,
distinguishing sensor signals from autofluorescence remains a
challenge. Here, we merged optode-based sensing with near-
infrared-emitting ZnGa,0,:Cr’" persistent luminescence nano-
particles (PLNPs) to create nanocomposites for autofluorescence-
free “glow-in-the-dark” sensing. Hydrophobic modification and
incorporation of the persistent luminescence nanoparticles into an
optode-based nanoparticle core yielded persistent luminescence
nanosensors (PLNs) for five analytes (K*, Na*, Ca**, pH, and O,)
via two distinct mechanisms. We demonstrated the viability of the
PLNs by quantifying K* in fetal bovine serum, calibrating the pH
PLNs in the same, and ratiometrically monitoring O, metabolism
in cultures of Saccharomyces cerevisiae, all the while overcoming their respective autofluorescence signatures. This highly modular
platform allows for facile tuning of the sensing functionality, optical properties, and surface chemistry and promises high signal-to-

noise ratios in complex optical environments.
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N anoparticle-based optical sensors are invaluable tools for
investigating chemical and biological systems.' ™ Persis-
tent luminescence nanoparticles (PLNPs) are gaining prom-
inence as they mitigate interference from native fluorescent
molecules, enabling precise optical sensing.*"® Unlike tradi-
tional methods that rely on wavelength separation, PLNPs
offer temporal signal distinction through their prolonged
emission, circumventing autofluorescence interference from
the sample.””” Functionalizing the PLNP surface has enabled
autofluorescence-free sensing of proteins, nucleic acids, and
small biomolecules.'*~"?

Another noteworthy category of nanosensors originates from
polymeric optode membranes that function on target analyte
partitioning and its interactions with chemical moieties in the
particle’s hydrophobic core.'* This two-phase architecture
allows for the facile switching of components to sense different
analytes or adjust optical properties.'*”'® Importantly, it
facilitates the integration of luminescent nanomaterials into
the sensor matrix, such as CdSe/ZnS core—shell quantum
dots,"” upconversion NaYF,:Er,Yb nanorods,"® silicon nano-
crystals,"” and graphene carbon dots.””*' In 2019, our team
devised a Na'-selective optode membrane integrating a
persistent luminescence microparticle.”> However, the size of
the luminescent particles prevented the fabrication of nano-
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sensors, constraining both the response time and applicability
in numerous systems.

Here, we combined optode-based sensing with persistent
luminescence nanoparticles to create functional nanocompo-
sites that we term persistent luminescence nanosensors
(PLNs). Through flash nanoprecipitation (FNP), we inte-
grated hydrophobically modified chromium-doped zinc gallate
(ZGO:Cr*") PLNPs into polymer nanoparticles for autofluor-
escence-free signal acquisition and quantification. We demon-
strate two sensing schemes utilizing ZGO:Cr*. First, a
traditional ionophore-based approach'* couples selective ion
extraction and the variable absorption of a lipophilic pH
indicator to the persistent luminescence of ZGO:Cr**, enabling
the detection of K*, Na*, Ca**, or pH (Scheme 1A). The
second scheme enables ratiometric, time-resolved O, sensing
by utilizing ZGO:Cr’** persistent luminescence as an internal
standard signal alongside the O,-sensitive phosphorescence
emission of palladium-TPTBP (Scheme 1B). Employing a
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Scheme 1. Sensing Mechanisms”
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“(A) Ion-selective PLN mechanism: ions in the surrounding bulk
phase displace a proton from the pH-sensitive blueberry dye,
increasing its absorbance which gates the persistent luminescence of
ZGO:Cr**. (B) O, PLN mechanism: a ratiometric readout where
PATPTBP is dynamically quenched by O, while ZGO:Cr* is
unaffected by O,. (C) Approach for time-resolved luminescence
detection with PLNs.

time-resolved approach (Scheme 1C) allows for the exclusion
of autofluorescence from biological samples, enabling direct
measurement of sensor signals, despite significant spectral
overlap.

B EXPERIMENTAL SECTION

Materials. Tetrahydrofuran (THF), dimethylformamide (DMF),
sodium tetrakis-[3,5-bis(trifluoromethyl)phenyl]borate (NaTFPB;
Selectophore), bis(ethylhexyl) sebecate (BEHS), sodium ionophore
X (Selectophore), potassium ionophore I (Selectophore), calcium
ionophore II (Selectophore), chromoionophore II (ChII; Selecto-
phore), 4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid
(HEPES), tris(hydroxymethyl)aminomethane (TRIS), Dulbecco’s
phosphate-buffered saline (PBS), boric acid, sodium phosphate
monobasic, sodium citrate, trimethoxy(octyl)silane (TMOS), sodium
chloride, potassium chloride, calcium chloride, magnesium chloride,
zinc nitrate hexahydrate, gallium nitrate hydrate, chromium nitrate
nonahydrate, and polycaprolactone-b-poly(ethylene oxide)(COOH)
were all purchased from Sigma-Aldrich. Blueberry-C6-ester-652 was
purchased from Biosearch Technologies (Genomic Analysis by LGC).
Fetal bovine serum (FBS) was obtained from Thermo Fisher. Yeast
(Kolsch I) and fast pitch wort were purchased from Tom’s Brew shop
in Lakewood, CO. Polystyrene-b-poly(ethylene oxide) (PS-b-PEO)
and polystyrene-b-poly(acrylic acid) (PS-b-PAA) were purchased
from Polymer Source, Inc. Palladium tetraphenyl tetrabenzoporphine
(PATPTBP) was obtained from Frontier Specialty Chemicals.

Methods. ZGO:Cr Synthesis. Raw ZGO:Cr PLNPs
(ZnGa,0,:Cr**, 04% Cr**/Ga*) were synthesized according to
methods reported by Li et al. with some modifications.”* 594.98 mg of
Zn(NO;),-6H,0, 547.52 mg of Ga(NO,;);H,0, and 3.2 mg of
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Cr(NO,);9H,0 were dissolved in 15 mL of Milli-Q H,O and titrated
to pH 9 with concentrated NH,OH (28%). This cloudy solution was
vigorously stirred for 1 h and then transferred to a 30 mL PTFE-lined
hydrothermal reactor and placed in an oven at 220° C for 10 h. The
reactor was allowed to cool naturally to room temperature. The
precipitate was centrifuged at 3500 rpm for S min and then washed
thrice with 1 N HCI to remove the ZnO adsorbed to the surface of
the product. After washing, the white product was placed in an oven
at 60° C for 24 h to dry.

ZGO:Cr Surface Modification. To modify the surface of raw
ZGO:Cr, the dried product was dispersed in ultrapure DMF (10 mg/
mL) and transferred to a round-bottom flask. Trimethoxy(octyl)silane
(TMOS) was added (150 L of TMOS/100 mg of raw ZGO:Cr)
directly to the flask and vigorously stirred at 80°C for 20 h to obtain a
white precipitate. The precipitate was centrifuged at 3500 rpm for $
min and washed thrice with DMF to remove any unreacted TMOS.
After the last centrifugation, ZGO:Cr@TMOS was dispersed in THF
at 40 mg/mL in a glass vial with a PTFE-lined cap and stored at 20° C
in the dark.

ZGO:Cr Characterization. Powder X-ray diffractometry was done
with a Scintag XDS-2000 (Cu Kal = 1.5406 A). The transmission
electron micrograph of raw ZGO:Cr** was obtained with a FEI Co.
Talos F200X 200 keV field-emission scanning/transmission electron
microscope (Figure 1C). Fourier transform infrared (FT-IR)
spectroscopy was done on a Nicolet Summit FT-IR spectrometer
(iD1 Transmission, Thermo Scientific) to confirm surface function-
alization with trimethoxy(octyl)silane.

Luminescence Lifetime Measurements. To achieve the two
excitation wavelengths used (420 and 266 nm), two different
beamlines were employed, both using a Surelite III Q-switched
Nd:YAG nanosecond laser as the pump source. The path that
generated the 266 nm beam included the Surelite IIT with the second
harmonic installed (generating 532 nm light), which was converted to
266 nm using an external fourth harmonic crystal. The 420 nm beam
was generated using the Surelite IIT with both the second and third
harmonics installed (generating 355 nm light) in tandem with a
Horizon optical parametric oscillator (OPO). The output power in
the sample chamber for each wavelength was ~20 and ~15 m]J for 266
and 420 nm, respectively. The luminescence at 696 nm was measured
for all samples (with backgrounds subtracted). Decay curves were
plotted and fit in GraphPad Prism and then normalized to the
maximum value. Lifetimes were calculated from the resulting
parameters (see eq S1).

Nanocomposite Synthesis and Characterization. All nano-
composite ZGO:Cr@TMOS was made by flash nanoprecipitation
using a confined-impingement jet (CIJ) mixer. To synthesize the
nanocomposites without any optode-based sensing components, 15
mg of ZGO:Cr@TMOS (40 mg/mL) was mixed with 125 uL of the
block-co-polymer, PS-b-PEO (20 mg/mL) for a total of S00 xL. This
mixture was transferred to a 1 mL syringe as the solvent stream for
FNP (see Figure 2C). The antisolvent was composed of 525 uL of
phosphate-buffered saline (pH 7.4). The two streams were rapidly
mixed in the CIJ mixer into a quench bath of S mL of PBS.

The ion PLNs were made similarly. All solvent streams for the ion
PLNs contained 10 mg of ZGO:Cr@TMOS, 10 mg of Ps-b-PEO, and
the necessary optode-based sensing components in 500 uL of THF.
For K PLNs, 0.5 mg of blueberry, 1 mg of Na"TFPB~, 1.5 mg of K*
ionophore I, and 2 mg of BEHS (2.2 uL) were added to the solvent
stream mixture. The solvent stream for Na* PLNs contained the same
components as those of the K* PLNs, but K* ionophore I was
replaced by Na* ionophore X (component masses were kept
constant). The solvent stream of Ca** PLNs had 1.5 mg of Ca*
ionophore II, 1 mg of Na"TFPB~, 0.5 mg of blueberry, and 2 mg of
BEHS (2.2 uL). Each solvent stream was precipitated against a
HEPES/Tris antisolvent stream (525 uL) with a CIJ mixer into a §
mL quench bath of HEPES/Tris. THF was then evaporated with
compressed air for 20 min, and the PLNs were filtered with a 0.8 um
PES filter into a glass vial and stored in the dark.

The pH PLNs were made similarly to the nanocomposites. Briefly,
15 mg of ZGO:Cr@TMOS (40 mg/mL) was mixed with 125 uL of
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Figure 1. PLNP Characterization. (A) Schematic of hydrothermal
synthesis and processing. (B) X-ray diffraction pattern showing a pure
cubic spinel structure (ICDD = 00-038-1240). (C) HR-TEM image
of ZGO:Cr** (scale bar = 10 nm). (D) Frequency size distribution of
ZGO:Cr** PLNPs (obtained from 200 particles). (E) Luminescence
spectrum of ZGO:Cr** after 420 nm excitation. (F) Luminescence
decay of ZGO:Cr’* after 420 nm pulse excitation.

the block-co-polymer PS-b-PEO (20 mg/mL) for a total of 500 uL.
Chromoionophore II (0.04 mg, 6 mg/mL) was added to this mixture
before being transferred to a 1 mL syringe as the solvent stream for
FNP. The antisolvent and quench bath for the pH PLNs was
deionized water. The K* PLNs with ChII were fabricated similarly to
the pH PLNs—0.5 mg of NaBARF and 0.5 K' jonophore I were
added to the solvent stream with other particle components.

All ion PLNs were calibrated against K*, Na*, Ca®*, and Mg** (10
nM to 1 M) with a separate solution method (1:1 v/v). The pH PLNs
were calibrated in Britton—Robinson buffer and “saline-spiked”
Britton—Robinson buffer that contained 154 mM NaCl, S mM KCl,
8 mM MgCl,, and 2.4 mM CaCl,. Both buffers had a subset of
standards with the pH range 3—9. The ion PLN and pH PLN
calibrations were done in a Nunc MicroWell 96-well optical bottom
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Figure 2. Surface modification of ZGO:Cr** NPs and their
incorporation into a polymeric nanoparticle. (A) Schematic of silane
attachment. (B) FT-IR spectrograph highlighting siloxane attachment
to the PLNP surface. (C) Schematic of the principle of flash
nanoprecipitation for nanocomposite fabrication. (D) TEM image of
the ZGO:Crr*@TMOS@PS-b-PEO nanocomposite.

plate (Nalgene Nunc International). All luminescence measurements
were taken with a BioTek Synergy H1 hybrid multimode microplate
reader with a red-shifted PMT (Winooski, VT). All time-gated
luminescence measurements were taken on the plate reader’s time-
resolved fluorescence setting. The functional lifetime of the ion and
pH PLNs were obtained by calibrating the sensors to their respective
analyte on days 0, 4, and 8. The reversibility of the K" PLNs was
tested using a similar procedure as previous work.'®** Briefly, the K*
PLNs were concentrated to 10X, put into a hollow fiber microdialysis
tube (MWCO, 13 kDa; Spectrum Laboratories), sealed at each end,
and then secured onto a microscope slide with vacuum grease.
Quickly, the tube was submerged in HEPES/Tris buffer (pH 7.4), and
the initial reading (no K*) was taken on an Olympus Fluoview FV10i-
W laser scanning confocal microscope (ex: 405; em: 700). The buffer
was removed, and the slide was gently rinsed before the addition of
100 uL of 1 M KCI. After 20 min incubation, another image was taken
with the same settings. This cycle was repeated twice in triplicate.

To make the O, PLNs, the chromoionophore in the pH PLNs was
replaced with S ug of palladium tetraphenyl tetrabenzoporphine
(PATPTBP). The antisolvent and quench bath for the O, PLNs was
PBS. The O, PLNs were calibrated similarly as our previous works.>®
Before calibration, the O, PLNs were concentrated to 3X using a 10
kDa Amicon centrifugation filter. Then, 1.5 mL of 3X O, PLNs was
used in a septum-sealed quartz cuvette with a 2 mm path length and
fitted with a gas line and a vent using 22 gauge needles. Gas flow rates
from an air and nitrogen tank were controlled with mass flow
controllers and mixed in a 25 mL mixing chamber to form gas streams
with various concentrations of O, from 0 to 21% atm (or 0 to 6.65
mg/L) dissolved O, at an elevation of 5780 ft (Golden, CO). The gas
was bubbled into the cuvette at a total flow rate of 3 mL/min, and the
O, concentration was confirmed with an O, electrode fit for piercing
(UniSense, Denmark). To obtain the luminescence intensities, the
cuvette was placed in a custom 3D-printed microplate fit for a
septum-sealed cuvette and then analyzed with the same plate reader as
the ion PLNs. The sample was excited with the plate reader’s flash
xenon lamp, and emission was read at 696 nm (ZGO:Cr**) and 800
nm (PdTPTBP). Steady-state luminescence intensities and time-gated
luminescence intensities (TG 100 or 250 us) with a 1 ms
integration time were used for Stern—Volmer and pseudo-Stern—
Volmer plots.

The size and {-potential of all nanocomposites (PLNs included)
were measured on a Brookhaven ZetaPALS instrument (Brookhaven
Instruments Corporation, Holtsville, NY). The transmission electron
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micrographs of all PLNs were recorded with a Tecnai G2 Spirit
TWIN (T12, 20—120 kV) (Figures 2D and S6).

Fetal Bovine Serum Analysis. To show that the persistent
luminescence signal from ZGO:Cr** could overcome FBS auto-
fluorescence, the ZGO:Cr** @TMOS@Ps-b-PEO nanocomposite was
mixed 1:1 with stock FBS in a 96-well optical bottom plate. Steady-
state and time-gated (100 ys) luminescence spectra were obtained in
the aforementioned plate reader setup.

FBS was then adjusted to pH 3—9 with either 1 N NaOH or 1 N
HCI and mixed 1:1 with pH PLNs. The raw, delayed luminescence
signal (100, 250, S00 us, or 1 ms) was compared to the saline-spiked
Britton—Robinson buffered standards, and both were adjusted to omit
any inner filter effects using eq S2.

We measured the K' concentration in FBS with a similar
procedure. The stock FBS was mixed with K" PLNs in a 1:1 v/v
ratio (n = 8). The raw time-resolved luminescence (100 us delay) was
IFE-adjusted using eq S2 and compared to the IFE-adjusted standard
K* calibration curve.

Yeast Assay. The O, metabolism of yeast was monitored with the
0, PLNs according to established methods.”* >’ First, the O, PLNs
were concentrated to 10X stock with a 10 kDa Amicon centrifugation
filter and set aside. Saccharomyces cerevisiae (Kolsch I) was diluted in
filtered PBS at 1:10 and 1:100 stock concentrations. The wort media
for yeast growth was decanted and filtered through a 0.22 ym PES
vacuum filter. Next, 20 uL of yeast dilutions, 130 uL of filtered wort,
and 50 uL of 10X O, PLNs were pipetted into a 96-well optical
bottom plate, each dilution having 8 replicates. We included control
wells in the octuplet that excluded either yeast or O, PLNs. The
samples were incubated at 30 °C and shaken for 2 min before each
reading, with readings taken every 15 min over a 60 h period. At 42 h,
20 pL of concentrated PMB was added to 4 of the 8 replicates, and 20
UL of PBS was added to the other 4 replicates. An aluminum foil plate
cover was used to cover the 96-well plate with minute holes punched
into the foil for PMB or PBS addition at 42 h. A schematic of the plate
setup is shown in Figure S21.

All statistical analysis and plotting were done in GraphPad Prism
(v. 10.1). All visual schematics were created with BioRender.

B RESULTS AND DISCUSSION

We synthesized ZGO:Cr** hydrothermally to produce cubic-
phase nanocrystals measuring 10 + 2 nm in diameter, as shown
in Figure 1A—D, with a {-potential of 34 + 1.1 mV, facilitating
easy dispersion in water. The luminescence spectrum in Figure
1E, centered at 696 nm, corresponds to the spin-forbidden *E
— *A, transition of Cr**.> The ZGO:Cr** NPs exhibit three
excitation bands at 254, 420, and 580 nm, representing d—d
transitions of Cr** (Figure S1).> Upon pulse excitation at 420
nm, the Cr’* emission peak displayed multiexponential decay,
with an effective luminescence lifetime (7g) of 531 s using eq
S1. The luminescence decay at 696 nm extends into the
millisecond range following both 420 nm (Figure 1F) and 266
nm (Figure S2) pulse excitations, deeming ZGO:Cr’* ready for
the next steps toward integration into our optode-based
persistent luminescence-sensing approach.

In many biological applications, modifications are necessary
to attach recognition sites and/or stabilizing agents to the
ZGO:Cr** surface for sensing or improved aqueous
stability.”>** However, our ZGO:Cr** PLNPs require a
hydrophobic surface to be retained in the organic phase of
the optode-based nanosensor. We achieved this by modifying
raw ZGO:Cr’* NPs through condensation of trimethoxy-
(octyl)silane onto their hydroxide surface, yielding
ZGO:Cr*@TMOS (Figure 2A), which remains stable in
nonpolar environments like the optode matrix. Fourier
transform infrared (FT-IR) spectroscopy confirmed the
successful condensation, with characteristic peaks indicating
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Si—O—Si stretching (1090, 1053, 1033, and 1015 cm™) and
C(sp*)-H bonds (2958, 2923, and 2855 cm™) of the octyl
silane attachment protruding from the particle surface (Figure
2B).

Flash nanoprecipitation (FNP) is a nanoparticle fabrication
technique capable of encapsulating various materials within
polymer nanoparticles.”” Using FNP, we created persistent
luminescence nanocomposites comprising ZGO:Cr*@TMOS
and polystyrene-b-poly(ethylene) oxide (PS-b-PEO), as
illustrated in Figure 2C,D. These nanocomposites feature a
hydrophobic core consisting of a blend of ZGO:Cr** @TMOS
and PS, while the PEO coating ensures aqueous stability.
However, other block copolymers are suitable for the
fabrication of nanocomposites with different surface chem-
istries (Table S1). Before incorporating sensing components,
we demonstrated that ZGO:Cr**@TMOS@PS-b-PEO effec-
tively eliminates autofluorescence from fetal bovine serum
(FBS) (Figure S3). FBS exhibits strong autofluorescence,
peaking at 500 nm, which overlaps with the ZGO:Cr**
emission, unless a time-resolved acquisition is used.

The optode sensor design revolves around selecting
functional components within a hydrophobic polymer matrix.
The ionophore, serving as the recognition unit, extracts and
stabilizes the desired ion within the nanoparticle core.
Simultaneously, the nonfluorescent pH indicator, blueberry-
C6-ester-652 (blueberry), undergoes deprotonation, leading to
increased absorbance and modulation of PLNP emission. An
ionic additive, Na*TFPB~, was introduced into the sensor core
to neutralize the positive charge on protonated blueberry. By
combining blueberry and Na"TFPB~ with potassium ion-
ophore I, sodium ionophore X, or calcium ionophore II in the
FNP solvent stream, we generated K*, Na*, or Ca>" PLNs,
respectively. The emission from ion PLNs decreased with
increasing analyte concentration and blueberry absorbance
(Figures 3A—C and S4). The inclusion of optode components
still allowed for the integration of ZGO:Cr’* @TMOS into the
PLN core, as illustrated in Figure S5. Notably, a comparison of
micrographs between the PLNs (Figure SS) and nano-
composites lacking sensing components (Figure 2D) revealed
potential variability in the distribution of ZGO:Cr** @TMOS
within the composite particles. In the absence of sensing
components, the PLNPs seem to aggregate in the core,
whereas in the presence of optode components the PLNPs
seem to relocate closer to the surface. This apparent variability
may stem from factors such as the introduction of a plasticizer
into the core, other additional mass from sensing components
impacting precipitation kinetics during the FNP process, or
disparities in PLNP surface functionalization across batches.
Nevertheless, the sensing capability and the prolonged
luminescence lifetime of the system remain consistent,
irrespective of the apparent differences in the PLNP
distribution within the nanocomposite.

With a 100 us delay time, the K* PLNs in Figure 3A are 100
times more selective for K* over Na* (log K, = —2.1) and
possess a dynamic range that covers concentrations found in
serum.’” Notably, the response of K* PLNs remains consistent
as the delay time extends to 1 ms, potentially enabling K*
quantification in systems with fluorescent sources of variable
luminescence lifetimes (e.g., in multiplexing scenarios) (Figure
S6). Additionally, the K* PLNs demonstrate reversibility,
supporting the anticipated equilibrium-based ion-exchange
mechanism, and maintain functionality for at least 8 days
(Figure S7 and S8).
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Figure 3. Calibration curves for the ion and pH persistent
luminescence nanosensors. K* (A), Na* (B), and Ca*" (C) sensors
were tested against common ions in separate solutions, and all showed
good selectivity (the target ion is darker in each panel). (D) pH PLN
calibrations in Britton—Robinson universal buffer with (pink) or
without (black) saline spike (n = 3 for all calibrations).

Similarly, using a 100 us delay, the Na* PLNs depicted in
Figure 3B exhibit a selectivity coefficient comparable to other
Na® sensors utilizing the same ionophore and PEG-based
surfactants (logKy,x = —1.1)."" The Na® PLNs have a
dynamic range adequate for serum quantification and a
functional lifespan ranging between 4 and 8 days (Figure
S9). The Ca®** PLNs (Figure 3C, 100 us delay) are
approximately 1000-fold more selective over the major
competing ion Mg** (log Keamg = —3.2) and have a functional
lifespan of less than 4 days (Figure S10). Detailed size and
selectivity coefficient data for all ion PLNs are provided in
Tables SI and S2, respectively. To validate the ion-exchange
mechanism of the ion PLNs, formulations excluding
ionophores were tested for their time-resolved responses to
ions. As anticipated, in the absence of an ionophore, the
sensors respond according to ion lipophilicity (Hofmeister
series) (Figure S11). Moreover, the exclusion of optode
components from the formulation results in no response to pH
or ions, indicating that the modulation of ZGO:Cr** emission
depends on the dye’s protonation degree and selective
extraction (Figure S12).

Investigations into the functional lifetime of optode-based
sensors have been a recurrent focus since their inception. A key
factor influencing sensor lifetime is the potential leaching of
either the plasticizer or the active sensing components
dissolved within the optode matrix.’”>® Given that the sole
distinction among the jon PLN formulation lies in the
ionophore, the observed variability in their functional lifetime
(K: x > 8 days, Na: 8 days > x > 4 days, Ca: x < 4 days) may
arise from fluctuations in the respective ionophore leaching
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kinetics or disparities in ionophore interactions with other
sensing components inside the nanocomposite core.

Adjusting the PLN formulation to incorporate a different
lipophilic pH indicator, chromoionophore II (ChIl, ETH
2439), allowed us to measure across the biological pH range
with persistent luminescence format (Figure 3D, 500 s delay).
The inverse relationship between pH and ChII absorbance at
700 nm (Figure S13) results in an increase in the ZGO:Cr’*
signal, as seen in Figure 3D. Importantly, the pH PLN
response remains the same with multiple delay times (Figure
S14) and when saline concentrations of ions are spiked into
the buffered standards, indicating no significant response to
ionic strength (Figure 3D, pink). The pH PLN signal was also
tested against Na* and K* (10 uM—1 M)—no change in signal
occurred (Figure S15). Additionally, the calibrations of pH
PLNs were found to be consistent for 8 days (Figure S16).
Next, the pH PLN response was measured in pH-adjusted FBS
from pH 3 to 9. An inner filter effect (IFE) impacted the
sensor signal but can be adjusted using established methods
(see eq S2).>* Using a delay time, we can omit FBS
autofluorescence, achieving a signal-to-noise ratio of 120:1,
and calibrate the pH PLNs in the serum while obtaining the
same fit parameters as the response in buffered standards
(Figure S17). Without a delay time, these measurements are
not possible in FBS as the background signal is at least S times
that of the sensor response (Figure S18).

Next, we utilized K* PLNs to measure K* in FBS. Upon
mixing FBS with K* PLNs (1:1 v/v) and correcting for IFE,
the K concentration was determined to be 1.9 + 0.8 mM.
These findings underscore the potential of ion-selective PLNs
for assessing real clinical samples, including those exhibiting
background autofluorescence.

In 2015, Clark’s group showed that blueberry-C6-ester-652
(blueberry) can replace the commonly used chromoiono-
phores as a nonluminescent quencher dye and engage in
selective ion exchange.”> In their system, the high molar
absorptivity of blueberry coupled with a static fluorophore
resulted in a brighter and more selective nanosensor for K
compared to the nanosensor with chromoionophore III as the
transducer. We chose to use the same approach for the K,
Na*, and Ca®* PLNs to simplify our luminescence measure-
ments (as blueberry is nonemissive) and due to the extensive
overlap between the absorbance of deprotonated blueberry
(~680 nm) and the persistent luminescence of ZGO:Cr**
(696 nm). However, as demonstrated with pH PLNs, pH-
sensitive transducers other than blueberry can be used to
modulate the persistent luminescence of the PLNP. To explore
this further, we developed a K* PLN utilizing ChII as the
PLNP modulator, showing an increasing, time-resolved
response as a function of K* (Figure S19). We speculate that
a similar sensin§ mechanism would also be possible with
oxazinoindolines™ or solvatochromic transducers®”*® if the
variable absorbance of the indicator overlaps with the
luminescence of the PLNP.

To fabricate O,-sensitive PLNs, we used the phosphorescent
PATPTBP (em: 800 nm; 7, = 356 us>’) as the O, indicator
and the ZGO:Cr** emission as the O,-insensitive reference
(Figure S20) for time-resolved, ratiometric measurements.
Exciting the Pd-chelate results in an electronic transition to S,
and intersystem crossing to an excited triplet state (T,) causing
spin inversion and a forbidden transition back to S;—the
mechanism of phosphorescence.’”** Molecular O, can collide
with the dye and quench it, resulting in a lower emission
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intensity and a lower luminescence lifetime.’”** This colli-
sional quenching process is typically characterized by the
Stern—Volmer relationship (eq S3A). Ratiometric O, measure-
ments can be described by a pseudo-Stern—Volmer relation-
ship (eq S3B) by instead plotting the quotient of the
ratiometric signal (PATPTBP/ZGO:Cr’") at 0 mg/L O, by
the same ratio at prevailing [O,], giving a linear response
(Figure 4A).>>*" As expected, the pseudo-K,, increases over
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Figure 4. (A) Ratiometric calibration curves of the O, PLNs with
various delay times fit to eq S3B (K, = 0.236, 3.35, and 10.2 for no
delay, 100, and 250 us, respectively). It was not useful to fit the data
from the 500 us delay. (B) PATPTBP (PdBP)/ZGO:Cr*" ratio as a
function of O, on a semilog plot with an exponential fit. The dynamic
range shrinks as a function of increasing delay time, but the sensitivity
is increased within that range. (C) O, PLNs can track the O,
metabolism of yeast over 60 h of incubation with a 500 us delay
time. The left y-axis shows the [O,] in gmol/L (red and pink). Values
shown are smoothed using a 2nd order polynomial with a 4-neighbor
average. Unsmoothed data are shown in Figure S22. The right y-axis
shows the ratiometric signal (black and gray). Pink and gray
measurements show yeast cultures without the addition of potassium
metabisulfite.

the measured O, range by increasing the delay time—a
function of the variable luminescence lifetime of PdTPTBP
(Figures 4A and S21). The quenching mechanism of the
indicator results in a diminished intensity and a diminished
luminescence lifetime with increasing O,. When implementing
a delay time, the difference in the indicators’ intensity at
variable O, conditions is exaggerated compared to those at the
steady state due to the disproportionate exclusion of emitted
photons from indicators in higher O, conditions with shorter
lifetimes. As a result, there is a system-specific limit to which
the delay time can be increased without compromising the
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sensor’s dynamic range. An example of this is shown in Figure
4B, where the calibrations with longer delay times have a
smaller dynamic range but a higher sensitivity at low
concentrations.

While spectral separation approaches have been used to
overcome autofluorescence in microbial systems,”>”**** this
work achieves this with ratiometric sensors that are compatible
with a time-resolved measurement approach. O, consumption
of S. cerevisiae (Kolsch 1) was monitored over 65 h with the O,
PLNs (plate setup in Figure S22). Using the obtained
ratiometric signals from the yeast assay and the exponential
fit to the data shown in Figure 4B, we can calculate the O,
concentration inside the yeast cultures (see eq S4 and the
associated fit parameters). Without a delay, yeast autofluor-
escence interferes with the ZGO:Cr’* emission and precludes
ratiometric O, measurements (Figures S23A and S24A), but
using a 500 us delay eliminates the autofluorescence and shows
an increasing ratiometric signal at ~20 h correlating to a drop
in O, below 60 umol/L (Figures 4C, S23B, and $24B). Before
~20 h, the O, concentration in the culture exceeds the
dynamic range of the O, PLN when using a 500 ys time delay,
indicating a concentration above ~60 umol/L. Importantly,
however, Figure 4C shows that metabolic activity is inhibited
upon the addition of an antimicrobial agent (potassium
metabisulfite, PMB), and the O, concentration is brought
back to baseline after 10 h of PMB exposure (shown in red and
black).

Bl CONCLUSIONS

In summary, our approach of integrating persistent lumines-
cence nanoparticles into an optode-based nanosensor allowed
for autofluorescence-free measurements in biological samples.
The ion-selective optode approach offers the advantage of
adjusting the dynamic range and selectivity based on the
sensing components in the polymeric matrix.>** As the ion-
selective, persistent luminescence nanosensors all function on
the same ion-exchange equilibrium, the selectivity was very
easily modulated by varying only the ionophore. This
modularity allowed us to develop persistent luminescence
nanosensors for five different biologically relevant analytes by
using ZnGa,0,:Cr’" as the transducer. It is important to note
that this feature would likely not be possible with other
nonoptode-based sensor designs without rethinking how to
incorporate the PLNPs into the sensor mechanism. While
long-lifetime emissions have traditionally been utilized for O,
quantification using phosphorescence lifetime imaging or
custom microscope/CCD camera setups,”™* these systems
are often costly or challenging to assemble for end users.
Instead, we showed that ratiometric O, PLNs can be used in a
standard plate reader for facile time-resolved monitoring of O,
consumption in a high-throughput manner.* Overall, we
envision a PLNP nanocomposite serving as a multifunctional
and highly adaptable platform for autofluorescence-free sensing
and imaging across a wide range of complex biological systems.
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