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Simultaneous analysis of luminescence signals of multiple probes can improve the accuracy and efficiency
of biosensing and bioimaging. Analysis of multiple signals at different wavelengths usually suffers from
spectral overlap, possible energy transfer, and difference in detection efficiency. Herein, we reported
a polymeric luminescent probe, which was composed of a phenothiazine-based fluorescent compound
and a phosphorescent iridium(i) complex. Both luminophores emitted at around 600 nm but their
luminescence lifetimes are 160 times different, allowing time-resolved independent analysis. As the
fluorescence was enhanced in response to oxidation by hypochlorite and the phosphorescence was
sensitive toward oxygen quenching, a four-dimensional relationship between luminescence intensity,

fluorescence/phosphorescence ratio, hypochlorite concentration, and oxygen content was established.
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Accepted 23rd July 2021 In cellular imaging, time-resolved photoluminescence

imaging microscopy clearly showed the
independent fluorescence response toward hypochlorite and phosphorescence response toward oxygen

DOI: 10.1039/d1sc02811a in separated time intervals. This work opens up a new idea for the development of multiplex biosensing
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Introduction

Photoluminescence bioimaging tracks emissive probes in bio-
logical environments to create visual images by analyzing and
processing luminescence signals, giving structural and func-
tional information of biological molecules,’” organelles,®"*
living cells,””™¢ tissues,””?° and organs.**** Laser scanning
confocal microscopy has been widely used for analyzing lumi-
nescence intensity of a probe to construct images, which simply
and directly reflect the spatial distribution and local concen-
tration of the probe at the subcellular level.>*** Once the lumi-
nescence intensity of the probe is correlated with its specific
interaction with functional biomarkers, luminescence imaging
can locate and quantify the marker while continuously
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monitoring the process of life activities involved in the cell.***®
In order to improve the sensing and imaging accuracy and
efficiency, it is usually necessary to employ multiple lumino-
phores and simultaneously analyze two or more luminescence
signals, thereby allowing one signal to be used as an internal
standard,®*** or multiple signals to respond toward different
targets.*¢

In practical applications, the luminophores simultaneously
used are designed to have different emission wavelengths, so
that they can be readily distinguishable by placing optical filters
before the detector.’”*®* However, there are some limitations
seriously interfering with the sensing and imaging during
wavelength-resolved analysis. Firstly, many organic fluo-
rophores and phosphorescent transition metal complexes
exhibited broad emission spectra. It is difficult to completely
avoid spectral overlap, so it is usually necessary to sacrifice the
brightness to avoid signal leakage and loss of sensitivity.
Secondly, as the luminophores are separated in wavelength,
energy transfer from the higher energy luminophore to the
lower energy one is possible, resulting in undetectable high-
energy signals.***® Thirdly, the refractive index, reflectance,
and absorbance of photons of different wavelengths in biolog-
ical samples are different. Hence, the loss of photons when
passing through biological samples and the number of photons
reaching the detector strongly depends on the wavelength.** As
shown in Fig. 1a, when dealing with wavelength-resolved two
luminescence signals in cellular imaging, increasing intralipid

© 2021 The Author(s). Published by the Royal Society of Chemistry
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a. Analysis of wavelength-resolved two luminescence signals
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(a) Analysis of wavelength-resolved two luminescence signals. The luminescence intensity at 500 and 600 nm showed different decrease

trends as the increase of intralipid in the medium. (b) Analysis of time-resolved two luminescence signals. Time-resolved technique allows
independent analysis two luminescence signals at the same wavelength.

in the culture medium caused reduced detection efficiency of
photons at both 500 and 600 nm. The intensity ratio of the two
wavelengths is also influenced by the amount of the intralipid
due to their different transmittance, indicating that lumino-
phores emitting at different wavelengths are not suitable for
ratiometric imaging.

To address these concerns, in this work, we proposed to
analyze multiple photoluminescence signals at the same
wavelength via a time-resolved technique. A new dual-emissive
polymeric probe com-posed of two luminophores was
designed and synthesized. The two luminophores emitted at
almost the same wavelength to ensure limited energy transfer
and consistent photon-detection efficiency, but exhibited
different luminescence lifetimes, enabling independent anal-
ysis of each spectrum via a time-resolved technique** (Fig. 1b).
Although the amount of the intralipid in the culture medium
caused photon loss during imaging, the ratio of short-lived
luminescence signals long-lived ones remained
unchanged. The two luminophores were designed to respond
toward hypochlorite and oxygen, respectively. Hypochlorite
plays an important role in the destruction of pathogens in the
immune system® and unregulated cellular production of
hypochlorite may be associated with various diseases.*

over

Cellular oxygen contents are kept in a certain range and
hypoxia is an important feature of many diseases including
tumors.*” Therefore, sensing and imaging cellular hypochlo-
rite and oxygen are of great importance and have attracted
much attention.?****%*” Under constant oxygen conditions, the
polymeric probe was used for time-resolved ratiometric
sensing and imaging of hypochlorite by using the oxygen-
sensitive luminescence as an internal standard. When the
oxygen content changed, the probe was used for simulta-
neously sensing and imaging of hypochlorite and oxygen via
time-resolved luminescence analysis.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Results and discussion

The dual-emissive polymeric probe P1 was designed by incor-
poration of a phenothiazine-based fluorescent compound 1,
a phosphorescent iridium(m) complex 2, and polyethylene
glycol (PEG) into the side chains on the polyethylene backbone
(Fig. 2a and S17). Compound 1 was weakly emissive owing to the
photoinduced electron transfer (PET) from the electron-rich
sulfur atom to the electron-deficient pyridinium.*® In response
to hypochlorite, which oxidizes the thioether to sulfoxide,
compound 1 exhibited significant fluorescence enhancement at
around 600 nm with a lifetime of 2.5 ns (Fig. S21). Complex 2
emitted at the same wavelength with a much longer lifetime of
about 0.4 ps owing to its phosphorescence nature. Meanwhile,
the phosphorescence of complex 2 was readily quenched by
molecular oxygen via triplet-triplet energy transfer (Fig. S27).
Both compound 1 and complex 2 were excitable at 405 nm,
which is the most widely used excitation laser source in confocal
microscopy. PEG was used to improve the water solubility and
biocompatibility. Polymeric luminescent probes P2 and P3 (Fig.
2a), where complex 2 and compound 1 was absent, respectively,
were also synthesized for comparison studies. All the small
molecular intermediates and monomers were characterized via
'H and *C nuclear magnetic resonance (NMR), matrix assisted
laser desorption ionization time-of-flight (MALDI-TOF) mass
spectrometry (MS) and the polymers were synthesized via
radical polymerization and characterized via gel permeation
chromatography (GPC). The contents of compound 1 and
complex 2 in P1 were about 6% and 1% (molar ratio) calculated
according to the absorption spectra. The averaged molecular
weight (M,) of P1 was about 133 000 g mol ' with a poly-
dispersity index (PDI) of 1.13. P1 was completely soluble in
aqueous solution and suitable for bioimaging.

The luminescence response of P1 toward hypochlorite was
investigated in phosphate buffer saline (PBS) under ambient

Chem. Sci., 2021, 12, 11020-11027 | 11021
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Fig. 2 (a) Chemical structures. (b—d) Luminescence spectra (b),

excited-state decay curves (c) and relative occurrence of fluorescence
and phosphorescence (d) of P1 in PBS in the presence of 0-10 uM
NaClO. (e) Isolated fluorescence and phosphorescence spectra of P1
in PBS in the presence of 0—10 uM NaClO. (f) Luminescence spectra of
P1 in PBS under an atmosphere containing 0-100% O, co-balanced
with 100%-0 N. (g) Isolated fluorescence and phosphorescence
spectra of P1in PBS under N, air, and O, atmospheres.

conditions. Upon photoexcitation at 405 nm, P1 showed
a mixed emission spectrum at 500-700 nm which was
composed of the fluorescence of compound 1 and the phos-
phorescence of complex 2. Addition of hypochlorite led to
luminescence enhancement of P1 (Fig. 2b) because of
oxidation-induced fluorescence turn-on of compound 1. Similar
luminescence enhancement was also observed in the polymeric
probe P2 but not in P3 in which compound 1 was absent
(Fig. S31). The remarkable luminescence response was specific
toward hypochlorite in preference to other reactive oxygen
species and biothiols (Fig. S41). Luminescence lifetime analysis
revealed biexponential decay of P1 with lifetimes of about 2.7
and 500.0 ns corresponding to compound 1 and complex 2,
respectively (Fig. 2¢). The proportion of short-lived fluorescence
(Zr) at 600 nm in the spectrum increased from 11.7% to 78.0%
upon addition of hypochlorite (Fig. 2d). The proportion of long-
lived phosphorescence (I,) decreased from 88.3% to 22.0%
when the fluorescence was turned on by hypochlorite. Accord-
ing to these ratios, the fluorescence and phosphorescence were

1022 | Chem. Sci., 2021, 12, 11020-11027
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isolated from the total luminescence via computational calcu-
lation. The isolated spectra showed that the fluorescence was
significantly enhanced while the phosphorescence was insen-
sitive to hypochlorite (Fig. 2e). Using the phosphorescence
signal as an internal standard, the intensity ratio (Ig/I,) of
fluorescence over phosphorescence increased from 0.13 to 3.5
(about 27 fold) when the concentration of hypochlorite was
increased from 0 to 10 uM. Further addition of hypochlorite did
not change the total luminescence spectrum as well as the
intensity ratio.

The luminescence response of P1 toward oxygen was recor-
ded in PBS in the absence of hypochlorite under an O,/N, mixed
atmosphere with different O, contents. When increasing and
reducing the O, content, the emission at about 600 nm was
quenched and enhanced, respectively (Fig. 2f), owing to the O,-
induced phosphorescence quenching of complex 2. Lumines-
cence lifetime analysis showed that while the fluorescence
lifetime remained unchanged, the phosphorescence lifetime
was shortened in pure O, and elongated in pure N,. Meanwhile,
the phosphorescence proportion (88.3% in air) in the total
emission spectra was reduced to 84.5% and increased to 93.0%,
respectively (Fig. 2g). Similar response toward oxygen was also
observed for P3 but not for hypochlorite-oxidized P2 in which
the phosphorescent iridium(ur) complex was absent (Fig. S51).

To use P1 for simultaneous detection of hypochlorite and
oxygen content, a functional relationship between the lumi-
nescence of P1 and the two variables was established. According
to the luminescence titration curves of P1 upon addition of
hypochlorite, the fluorescence intensity showed a linear rela-
tionship with the concentration of hypochlorite in the range of
0-10 pM (Fig. 3a). As the phosphorescence was insensitive to
hypochlorite, the Iy/I, ratio also exhibited a linear relationship
with the concentration of hypochlorite (Fig. 3b). In the absence
of hypochlorite, the phosphorescence response toward oxygen
followed Stern-Volmer equation® (Ipo/I, = 1 + Ksy[O,]), giving
a hyperbola relationship between the phosphorescence inten-
sity and the oxygen content I, = Io/(1 + Ksy[O,]), where I,, and
I, are phosphorescence intensities in the absence and presence
of O,, respectively, and Kgy is the Stern-Volmer constant
(Fig. 3c). During simultaneous detection of hypochlorite and
oxygen, the total luminescence spectrum gave the sum of fluo-
rescence and phosphorescence, and time resolved analysis
distinguished between fluorescence and phosphorescence
based on their different decay rates in time domain and indi-
cated their proportions in the total spectrum. The data obtained
from the luminescence titrations were fitted and followed the
following two equations:

I+ I, = 0.065 x [CIO ] + 0.26/(1 + 0.08 x [O,]) + 0.12
I/1, = (0.065 x [CIO™] + 0.012)/(0.26/(1 + 0.08 x [O,]) + 0.096)

A four-dimensional relationship between luminescence
intensity, fluorescence/phosphorescence ratio, hypochlorite
concentration, and oxygen content was established (Fig. 3d).
The projections of the three-dimensional surface onto the three
perpendicular two-dimensional coordinate systems were shown

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3

(a) Luminescence titration curve of P1 upon addition of 0-10 pM NaClO. (b) Plot of the /¢/I, ratio versus hypochlorite concentration for P1.

(c) Plot of luminescence intensity versus oxygen content for P1. (d) Four-dimensional relationship between luminescence intensity, fluores-
cence/phosphorescence ratio, hypochlorite concentration, and oxygen content for P1. (e-g) Projections of the curved surface on each
coordinate plane. (h) Experimental and calculated luminescence intensity of P1 in the presence of 0-10 uM NaClO under N, atmosphere. (i)
Experimental and calculated luminescence intensity of P1 in the presence 10 uM NaClO under 0-100% O, atmosphere. (j) Excited-state decay
curves of Pl in the presence of 0 (solid line) and 10 uM (dashed line) NaClO under N, (red line) and O, (blue line) atmospheres. (k) Relative

occurrence of fluorescence (green) and phosphorescence (red) of P1
atmospheres.

in Fig. 3e-g. Fig. 3e showed the linear relationship between the
luminescence intensity and the hypochlorite concentration in
pure N, and O,. Fig. 3f showed the luminescence response
toward oxygen in the presence and absence of hypochlorite (10
puM). Fig. 3g illustrated the relationship between the
fluorescence/phosphorescence ratio and hypochlorite and
oxygen. To evaluate the accuracy of the 4D relationship, lumi-
nescence titration against hypochlorite was performed in pure
N,, and the luminescence response toward oxygen was investi-
gated in the presence of 10 uM of hypochlorite. As shown in
Fig. 3h and i, the experimental data were highly consistent with
the calculated data based on the 4D relationship graph. Addi-
tionally, luminescence decay curves of P1 in the presence and
absence of hypochlorite (10 uM) were measured under N, and
O, atmospheres, respectively (Fig. 3j). As shown in Fig. 3k, the
fluorescence and phosphorescence proportions were well in
line with the calculated ones. The difference between the
experimental and calculated values was slightly larger in the
absence of hypochlorite compared with that in the presence of
hypochlorite, because the experimental error increased when
the fluorescence was too weak in the absence of hypochlorite.
The cellular imaging and sensing properties of P1 was
investigated using human cervix epithelioid carcinoma (HeLa)

© 2021 The Author(s). Published by the Royal Society of Chemistry

in the absence (—) and presence (+) of 10 uM NaClO under N, and O,

cells as a mode cell line. The cytotoxicity of P1 toward HeLa
cells was evaluated via the MTT (3-[4,5-dimethylthiazol-2-yl]-
2,5-diphenyltetrazolium bromide) assay. HeLa cells main-
tained a viability >90% after incubation with P1 at a concen-
tration of 300 pg mL™ ' for 24 h (Fig. S61), confirming
negligible cytotoxic effect of P1 under the following imaging
conditions. The microscopy imaging was performed under
excitation at 405 nm, and the luminescence signals at 600 +
25 nm were collected and analyzed. The microscopy luminesce
images of HeLa cells treated with P1 are illustrated in Fig. 4a.
HelLa cells incubated with P1 (200 ug mL ™", 37 °C, 1 h) showed
cytoplasmic staining. Further incubation of the cells with
hypochlorite for 30 min led to significant enhancement of
intracellular luminescence, which has been attributed to the
oxidation-induced fluorescence turn-on. However, it is diffi-
cult to quantitatively analyze the luminescence intensity
against the hypochlorite concentration in the culture medium,
because when the excitation power and slit width were fixed,
the intracellular luminescence signals were either too weak to
create clear images in the absence of hypochlorite or too
strong that exceeded the detection limit of the detector when
the fluorescence was turned on. Both the luminescence life-

time and the fluorescence/phosphorescence ratio were

Chem. Sci., 2021, 12, 11020-11027 | 11023
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Fig. 4 (a) Luminescence and PLIM images of living HeLa cells incubated with P1 (200 pg mL™, 37 °C, 1 h) followed by incubation with NaClO at
different concentrations for 30 min. (b) Lifetime distributions in the PLIM images. (c) The occurrence ratio of the short-lived signals over the long-
lived signals in the PLIM images. The “star” indicates the position for the imaging of endogenously produced hypochlorite in the fitted line. (d)
Luminescence and PLIM images of living HeLa cells stimulated with elesclomol (125 nM, 37 °C, 2 h) followed by incubation with P1 (200 ng mL™%,
37 °C, 1 h). (e) Lifetime distributions in the PLIM image of endogenously produced hypochlorite. Scale bar: 20 pm.

independent of the excitation power and thus high quality
images were taken under suitable but different excitation
powers.*® Time-resolved analysis of the images was performed
via photoluminescence lifetime imaging microscopy (PLIM).
The PLIM images showed that the luminescence of intracel-
lular P1 exhibited a unique lifetime and distributed evenly in
the cytoplasm (Fig. 4a). Statistical analysis revealed that the
lifetimes of the intracytoplasmic P1 were normally distributed
in the range of 300-600 ns with a mean of about 450 ns, which
is fully in line with the phosphorescence lifetime of P1
(Fig. 4b). Further incubation with hypochlorite (10 uM, 30
min) gave rise to some short-lived pixels in the image and an
additional distribution at around 150 ns appeared. The life-
time value was much longer than the fluorescence lifetime and
has tentatively been assigned to the averaged fluorescence and
phosphorescence lifetime of the hypochlorite-oxidized P1. The
signals at about 150 ns became dominant when the hypo-
chlorite concentration in the medium increased to 30 puM
(Fig. 4a and b). The relative occurrence of the short-lived (<300
ns) and long-lived (>300 ns) signals linearly increased from
0.22 to 3.32 as the hypochlorite concentration in the medium
increased from 0 to 30 uM (Fig. 4c). In another experiment,
HelLa cells were pretreated with elesclomol (125 nM, 37 °C, 2 h)

1024 | Chem. Sci, 2021, 12, 1020-11027

to induce production of endogenous hypochlorite.** The cells
were then incubated with P1 (200 ug mL ™", 37 °C, 1 h). The
PLIM image showed substantial short-lived signals <300 ns
(Fig. 4d and e), suggestive of oxidation of intracellular P1 by
endogenous hypochlorite. The occurrence ratio of the short-
lived signals over the long-lived signals (>300 ns) was about
1.29, which indicated that the amount of endogenously
produced hypochlorite was almost the same as internalized
amount during incubation of the cells with about 12 pM of
hypochlorite for 30 min (Fig. 4c).

The utilization of P1 for analysis of intracellular oxygen
content was then demonstrated. HeLa cells were preloaded with
P1 (200 pg mL™', 37 °C, 1 h), and then cultured under 2% O,
atmosphere for 30 min. Although luminescence images of the
cells did not show remarkable changes, the luminescence life-
times were extended from 450 ns to 480 ns (Fig. 5a and b). The
oxygen content in the culture atmosphere was then increased to
95%. The intracellular luminescence became very dark owing to
the quenching of phosphorescence. Clear image was obtained
by turning up the laser power and increasing the slit width
(Fig. 5a). PLIM analysis showed that the luminescence lifetimes
were shortened to about 390 ns (Fig. 5a and b). The less
occurrence indicated that the phosphorescence was quenched

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Luminescence and PLIM images of living Hela cells incu-

bated with P1 (200 pg mL™%, 37°C, 1 h) and then cultured under 2%, air,
95% oxygen conditions for 30 min. (b) Lifetime distributions in the PLIM
images in (a). (c) Luminescence and PLIM images of living Hela cells
incubated with P1 (200 pg mL™2% 37 °C, 1 h), NaClO (5 uM, 37 °C, 30
min), and then cultured under 2%, air, 95% oxygen conditions for
30 min. (d) Lifetime distributions in the PLIM images in (c). Scale bar: 20
um.

by 66%. After that, hypochlorite (5 uM) was added to the
medium and the cells were further cultured under ambient
condition (37 °C, air) for 30 min. As expected, the phospho-
rescence lifetime was restored to about 450 ns and additional
lifetime distribution at about 150 ns appeared (Fig. 5¢ and d).
The occurrence ratio of the short-lived signals over the long-
lived signals was about 0.53, which was in line with the linear
relationship in Fig. 4c. Further changing the oxygen content in
the culture atmosphere to 2% or 95% O, caused the corre-
sponding phosphorescence response without interfering with
the short-lived signals <300 ns (Fig. 5c and d). These results
showed that the single-wavelength dual-emissive polymeric
probe P1 can be used for simultaneously and independently
imaging and analyzing multiple analytes in living cells via time-
resolved photoluminescence analysis.

Conclusions

Simultaneously analyzing signals of multiple luminescent
probes effectively improves the accuracy and efficiency of
luminescence biological detection and disease diagnosis.
During signal processing, it is particularly important to avoid
mutual interference of the signals from different probes. In the
traditional method, identification of luminescence signals is
usually based on their different wavelengths. In this work, we
reported a novel method where identification of luminescence
signals is based on their different decay rates. In the
wavelength-resolved luminescence processing, luminescence
intensity at different wavelengths is analyzed independently.
The wavelength range covers the visible region and extends to
the near-infrared region, usually being 400-900 nm with A,/
Amin to be 2.25. However, it is difficult to avoid spectral overlap

© 2021 The Author(s). Published by the Royal Society of Chemistry
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and possible energy transfer between probes. Additionally, the
difference in the penetration depth of light at different wave-
lengths in biological samples causes their detection efficiency to
be different. In the time-resolved luminescence analysis, probes
are allowed to emit at the same wavelength but different excited-
state decay rates are required. The luminescence with different
lifetimes is analyzed independently. We selected a phenothia-
zine-based fluorescent compound and a phosphorescent iri-
dium(m) complex to construct a single-wavelength dual-
emissive polymeric probe. The two luminophores emitted at
almost the same wavelength but their luminescence lifetimes
are 160 times different. The fluorescence was significantly
enhanced upon selectively oxidation by hypochlorite and the
phosphorescence was efficiently quenched by molecular
oxygen. The luminescence spectrum gave the sum of fluores-
cence and phosphorescence, and analysis of the biexponential
decay rates showed their proportions in the total spectrum. A
four-dimensional relationship between luminescence intensity,
fluorescence/phosphorescence ratio, hypochlorite concentra-
tion, and oxygen content was established, which allowed
simultaneous quantitative determination of hypochlorite
concentration and oxygen content by measuring the lumines-
cence intensity and the fluorescence/phosphorescence ratio at
a single wavelength. Owing to the excellent water solubility and
biocompatibility, the single-wavelength dual-emissive poly-
meric probe was used for living cell imaging. Under ambient
conditions, the phosphorescence remained unchanged. Time-
resolved ratiometric sensing and imaging of intracellular
hypochlorite was demonstrated using the phosphorescence
signal as an internal standard. When the intracellular oxygen
content changed, time-resolved photoluminescence analysis
clearly showed the independent fluorescence response toward
hypochlorite and phosphorescence response toward oxygen in
separated time intervals. Using time-resolved photo-
luminescence imaging to analyze three or more analytes is in
progress in our laboratory. The luminescence lifetimes of
available probes varied from nanoseconds of fluorescent dyes to
microseconds of transition metal complexes, to milliseconds of
lanthanide chelates, to seconds of afterglow probes, giving 7./
Tmin t0 be 109. The probes are designed to have the same
emission wavelength in the red or near-infrared region to
ensure the deep tissue penetration and the same photon
detection efficiency.
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