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A platinum(Il)-acetylide-based conjugated polyelectrolyte has been designed and synthesized by using
polyfluorenes as an Op-insensitive fluorophore and Pt(Il) complex as an O,-sensitive phosphor, which can
generate conjugated polyelectrolyte nanoparticle (CPE-nanoparticle) in the aqueous solution owing to their
amphiphilic structures. The CPE-nanoparticle displays good sensitivity to O, concentration and can detect
oxygen levels reversibly. The intracellular ratiometric O, sensing performance of the CPE-nanoparticle has
been demonstrated by the remarkable variation in the Igreen/Ipiue ratio values (0.18—0.85) in HeLa cells under
different O, levels. Furthermore, O, level detection was carried out through time-resolved luminescence
imaging (TRLI) to demonstrate the accuracy of the probe based on the CPE-nanoparticle. The CPE-nanoparticle
shows a high phosphorescence quantum yield (19.98%) and oxygen quenching efficiency (0.975), which are
superior to the existing O, probe. The CPE-nanoparticle has been successfully applied in photoluminescence
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lifetime imaging and time-gated luminescence imaging for monitoring intracellular O, levels.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Cellular oxygen (03), which plays a crucial role in many physi-
ological process, is one of the most vital components in biological
systems [1]. Hypoxia, defined as oxygen-deprived condition, is a
distinct feature of multifarious disease including tumors [2], stroke
[3], and retinal disease [4]. In some solid tumors, the median oxy-
gen concentration has been reported to be around 4%, and locally, it
can be as low as 0% [5]. Therefore, accurate detection of tumor
hypoxia is not only great importance for disease diagnosis, but also
can be used to evaluate therapeutic effects. Therefore, attention has
been dedicated to the development of hypoxia probe.

To date, immunostaining [6—8], magnetic resonance imaging
[9,10], positron emission tomography imaging [11—13], near
infrared tomographic imaging [14,15] and optical imaging [16,17]
are available approaches to detect hypoxic regions in vitro and
in vivo. As a non-invasive optical technology, optical imaging has
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been an outstanding method to map oxygen in biological samples
owing to the high sensitivity and spatial resolution [18,19]. How-
ever, extremely low intracellular oxygen level and long incubation
time may be required for most of these probes [20—22]. Moreover,
the binding of these probes to cancer cells is also obviously
impaired by the low pH of the tumor microenvironment [23,24]. All
the limitations compromise the application of these probes in
accurately detection hypoxia in cancer cells and tumor tissues.
Phosphorescent transition metal complexes (PTMCs), which
possess long lifetime, can be used as an effective probe in imaging
to eliminate short-lived autofluorescence and increase the signal-
to-noise ratio by time-resolved photoluminescence technique
(TRPT) [25,26]. Additionally, PTMCs own distinctive advantages
that are suitable to be used as bio-probes, including the tunable
emission, good cell membrane permeability and high quantum
yields. The triplet excited state of PTMCs is usually responsive to the
triplet ground state of molecular oxygen through energy transfer
[27,28]. PTMCs have attracted considerable interest in imaging and
sensing the oxygen level in vitro and in vivo [29—34]. However,
most of these oxygen probes are usually water insoluble and based
on the single variation of phosphorescent emissive intensity, which
is easily influenced by the complex intracellular microenvironment
and external experimental conditions, such as excitation power and
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probe concentration. Therefore, ratiometric probes, whose ratio
represents the variation value of the emission intensities at two
paths, can improve the accuracy for hypoxia sensing [32,35], as well
as eliminate photobleaching and excitation power fluctuation [36].
In addition, many polyfluorene based and Pt-porphyrin based O,
probes have shown high reliability and full reversibility for
measuring oxygen concentrations [32,37,38].

Conjugated polyelectrolytes (CPEs) is a good choice, owing to
their distinguished merits such as strong absorbance, easy modi-
fication, high fluorescent efficiency, good photostability and
biocompatibility [39—43]. In addition, the charged side chains of
CPEs allow them good solubility in aqueous solution, which is
beneficial for bioimaging and biosensing in vitro and in vivo [44,45].

Considering the merits of both PTMCs and CPEs, herein, a dual-
emissive conjugated polyelectrolytes containing platinum acetylide
has been designed and synthesized for hypoxia sensing. A long-
lived phosphorescent platinum(Il) complex has been introduced
into conjugated polyelectrolyte as the O,-sensitive phosphorescent
moieties, and O,-insensitive fluorescence from polyfluorene moi-
eties as a reference. Therefore, the dual-emissive CPE-nanoparticle
has been successfully synthesized as O, probes. The ratiometric
measurements of hypoxia were carried out in living cells. In addi-
tion, O, levels in living cells have been investigated through time-
resolved luminescence imaging techniques, including photo-
luminescence lifetime imaging microscopy (PLIM) and time-gated
luminescence imaging (TGLI). These results indicated that CPE-
nanoparticle is ideal luminescent probes in monitoring O, con-
centrations in living biological samples.

2. Experimental section

All materials and regents were used as received from commer-
cial sources unless stated otherwise. The solvents (NEtz and CH»Cl,)
were purified under reflux over CaH; for several hours, distilled at
these conditions. The structure of P1 was characterized by '"H NMR
and gel permeation chromatography (GPC). Transmission electron
microscopy (TEM) was conducted on a JEOL transmission electron
microscope (JEM-2100). Average particle size was measured by
dynamic light scattering (DLS) on Zetasizer Nanoseries (Nano
ZS90). Zeta-potential was measured by Zeta-plus zeta potential
analyzer. The UV—visible absorption spectra were recorded using a
Shimadzu UV-3600 UV-VIS-NIR spectrophotometer. OXygen con-
centration was monitored by Mass Flow Controller or oxygen
concentration-changeable multigas incubator during the spectra,
lifetime and cell imaging measurements.

The conjugated polyelectrolyte P1 was obtained in the presence
of catalytic amount of Cul via reaction between trans-PtCl,(PBus);
and the diethynyl ligand (Scheme 1). M1 (302 mg, 0.50 mmol), Pt1
(335 mg, 0.50 mmol) and Cul (9.5 mg, 0.05 mmol) in distilled 40 mL
Et3N/CHCl; (1:1, v/v) were stirred for 0.5 h at room temperature
under nitrogen. After the reaction was finished, the solvent was
evaporated under reduced pressure. After concentrating the CH,Cly
solution, yellow solid was collected by precipitation into a large
excess of methanol. Condensed trimethylamine (3 mL) was added
dropwise to a solution of the polymer P1 (150 mg) in THF (20 mL)
at —78 °C using dry ice-acetone bath. The mixture was stirred for
24 hat room temperature. After removing most of the solvent,
acetone was added to precipitate P2. The resulting polymers were
dried under vacuum with a yield of 65%.

3. Results and discussion
3.1. Synthesis and characterization

To develop a new and excellent dual-emissive long-lived

hypoxia probes for biosensing and bioimaging, Pt coordination
centers is directly introduced onto the fluorene m-conjugated
backbones. The synthetic routes and the chemical structures of the
CPEs were illustrated in Scheme 1 and Scheme S1 in the Supporting
Information (SI). The platinum acetylide-based polymer P1 con-
taining fluorene unit was obtained in the presence of Cul as catalyst
via reaction between trans-PtCly(PBus); and the diethynyl ligand.
The structure of P1 was characterized by 'H NMR. The molecular
weight of conjugated polyeletrolyte was characterized by GPC
(Mp =54724 and M, = 96596 with polydisperisity index
PDI = 1.76). The target platinum acetylide-based polyelectrolyte P2
was prepared via the quarternization of the precursor P1.

To investigate the size and morphology of P2, TEM and DLS
measurements were carried out and the results were shown in
Fig. 1a and Fig. S2. The size of CPE-nanoparticle was about 3 nm,
which was formed through self-assembly, owing to the amphiphilic
structures of P2 with hydrophobic backbones and hydrophilic side
chains. As show in Fig. S2b, DLS measurement shows that CPE-
nanoparticle possessed an average hydrodynamic diameter of
about 12 nm, which is larger than that measured by TEM because of
the shrinkage at dry state on copper grid. In addition, the results of
zeta-potential was 31.00 mV, facilitating the interaction with cell
membrane potential through electrostatic interactions.

3.2. Photophysical properties

The photophysical properties of P2 have been investigated by
UV—vis absorption and luminescence spectra. As shown in the
absorption spectrum of Fig. 1b, the absorption peak of P2 centers at
396 nm in aqueous solution, and the molar absorption coefficients
of CPE-nanoparticle is 4856 g~ 'cm~!, which is ascribed to the m-r*
transition of the fluorene-based platinum acetylide backbone
(Fig. 1b). In the emission spectra of P2, two major emission bands at
415 and 550 nm were observed in degassed aqueous solution,
which were assigned to polyfluorene main chain and Pt(Il) com-
plex, respectively. The high-energy band of the emission spectra is
attributed to the fluorescence emission from '7-* state of fluorene
with short lifetime (tr=0.33 ns), while the emission band at
550 nm is from the long-lived phosphorescence from Pt complex
(tp=5.96 ps). The phosphorescence quantum yield of CPE-
nanoparticle under N is 19.98%, which is higher than the previ-
ous reports about Ru(Il) and Ir(Ill) complexes [31,46]. Moreover, P2
show no Forster resonance energy transfer (FRET) between the
polyfluorenes and Pt(II) complex according to the excitation spectra
(Fig. S3).

3.3. Luminescence response to O content

To investigate the oxygen-responsive ability of P2, the emission
spectra of the CPE-nanoparticle under different oxygen concen-
trations in aqueous solution were measured, and the results were
shown in Fig. 1c. Under 159.6 mmHg O,, the emissions at 415 nm
and 430 nm of CPE-nanoparticle, which was attributed to poly-
fluorene units, were stronger than those at 550 nm and 590 nm
from Pt(II) complex. When the O; level decreased, the intensity of
fluorescence at 415 nm showed negligible change, while the green
emission intensity at 550 nm enhanced remarkably, revealing the
phosphorescence sensitivity of Pt(Il) complex to O,. Therefore, a
ratiometric oxygen probe was achieved in aqueous solution based
on the phosphorescent CPE-nanoparticle.

The quantitative oxygen sensing performance of the CPE-
nanoparticle was investigated through the emission as shown in
Fig. 1c. The oxygen level can be calculated according to the Stern-
Volmer equation:
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where Ky is the constant of quenching rate, pO, is the oxygen level,
Ri © = (1%50/1915) and Ry = (Isso/l415) are the ratios of the phospho-
rescence (550 nm) intensity of Pt(II) complex to the fluorescence
(415 nm) intensity of the polyfluorene units in the absence and
presence of O, respectively.

As shown in Fig. 1d and Fig. S4, R; °/R; and pO, revealed a good
linear relationship and the K, value is calculated to be
117 x 1072 mmHg .. Moreover, small fluctuation was found at
415 nm under different O, concentrations (Fig. 1¢), demonstrating
that the ratio of the emissive intensity at 550 nm and at 415 nm of
the CPE-nanoparticle relied on O, level. Thus, the O, concentration
can be calculated based on the value of K.

To demonstrate the oxygen quenching efficiency, the emission
spectra of CPE-nanoparticle in aqueous solution saturated with N,
and O, were measured (Fig. S4a). According to the following
equation:

Q = (Rn, — Ro,) /Rn,

where Q is the oxygen quenching efficiency, and Ry; and Ro; are the
emission intensity ratios between phosphorescence at 550 nm and
fluorescence at 415 nm for the CPE-nanoparticle solution saturated
with Ny and Oo, the Q value was estimated to be 0.975, suggesting
high sensitivity of CPE-nanoparticle for oxygen as compared with
previous report [33].

3.4. Lifetime response to O,
In addition, the O, sensing was also investigated by lifetime

measurements. The oxygen level can be calculated according to the
Stern-Volmer equation:

where Ky is the quenching constant, pO, is the oxygen level, 79 and
T are the phosphorescence lifetimes in the absence and presence of
0,, respectively.

As shown in Fig. 1e, the luminescence lifetime at 550 nm of CPE-
nanoparticle in degassed conditions was 30.52 ps. The lifetime
decreased to 5.96 s when the O, level enhanced to 159.6 mmHg. In
addition, 7o/ and pO, had a good linear relationship, as shown in
Fig. 1f. According to the slope of the trend line, the K, value is calcu-
lated to be 2.71 x 102 mmHg~ .. However, the fluorescence lifetime
at 415 nm of the CPE-nanoparticle remains unchanged at different O,
levels (Fig. S5). As a result, the CPE-nanoparticle can be used as a
hypoxia probe through luminescence lifetime measurements.

3.5. Cell cytotoxicity

To evaluate the cytotoxicity of the CPE-nanoparticle in living cells,
MTT (methyl thiazolyl tetrazolium) assay was carried out for CPE-
nanoparticle under different concentration (Fig. S6). The result of
cell viabilities (%) versus incubation concentrations (0—100 pg mL™1)
of the CPE-nanoparticle in PBS buffer at 37 °C for 72 h is elucidated in
Fig. S6. The cell viability was more than 78% when CPE-nanoparticle
(100 ugmL~!) was added in the incubation medium for 72h,
demonstrating that the CPE-nanoparticle has low cytotoxicity and
excellent biocompatibility for potential biological applications.
Furthermore, we use flow cytometry assay to elaborate the toxicity of
the CPE-nanoparticle. As shown in Fig. S7, cell apoptosis quantity was
few, indicating that the CPE-nanoparticle has slight cell damage. Flow
cytometry assay suggested that the probe toxicity was negligible.

3.6. Ratiometric measurement of hypoxia in vitro

To investigate the capability of hypoxia sensing quantitatively in
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Fig. 1. (a) A TEM image of CPE-nanoparticle in aqueous solution. (b) Absorption spectrum of CPE-nanoparticle (15 pgmL™!) in aqueous solution. (c) Emission spectra of CPE-
nanoparticle (15 ug mL™") in aqueous solution under different O, concentrations excited at 365 nm. (d) Plot of RP/R; as a function of O, concentration. (e) Phosphorescence de-
cays of CPE-nanoparticle in aqueous solution saturated with N, or air, monitored at 550 nm from the Pt(Il) complex excited at 405 nm. (f) Plot of 7¢/7 as a function of O, con-

centration (Aex =405 nm). All the measurement were acquired at room temperature.

living cells, ratiometric measurement was carried out by using CPE-
nanoparticle. HeLa cells (human cervical carcinoma cells) were
cultured at 37 °C with the CPE-nanoparticle in PBS at pH 7.4 under
159.6 mmHg, 76 mmHg, 38 mmHg and 19 mmHg oxygen levels for
4 h. Under excitation at 405 nm, the fluorescence and phospho-
rescence signals were collected at blue (410—460 nm) and green
(520—580) channel, respectively.

As shown in Fig. 2 and Figs. S8—S9, the emission at the blue
channel almost remained a certain value under different oxygen
concentrations, while the phosphorescence emission from Pt(II)
complex enhanced with decreasing oxygen level. The ratio of
phosphorescence signal (Igreen) to fluorescence signal (Ipjue) also
increased from 0.18 to 0.85 along with the decreasing of oxygen
level from 159.6 mmHg to 19 mmHg, which allows us to monitor
the concentration of oxygen.

3.7. TRLI images of intracellular O, concentration
Considering the phosphorescence lifetime of CPE-nanoparticle

showed a good linear relationship with oxygen level, lifetime im-
aging was also conducted to monitor the intracellular oxygen level

410-460 nm 520-580 nm Ratio
0.00
0.50
p[O.]

159.6 mmHg 1.00
+1.50
-2.00

pIO;]

19 mmHg

Fig. 2. Confocal luminescence imaging and ratiometric luminescence imaging
(hex =405 nm) of Hela cells incubated with the polymer (20 pg mL™) at 159.6 mmHg
or 19 mmHg O, concentrations. In luminescence imaging, the emission channels at
wavelengths of 410—460 nm and 520—580 nm were collected, respectively. In ratio-
metric imaging, the ratio of emission intensity at 520—580 nm to that at 410—460 nm
was chosen as the detected signal.
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Fig. 3. (a) Photoluminescence lifetime images (Aex =405 nm) of Hela cells incubated
with the polymer (20 ug mL™") at 37 °C for 2 hat 159.6 mmHg and 19 mmHg O, con-
centrations, respectively. The magnification of the objective lens is 60 x . The lumi-
nescence signals were collected in the range of 520—600nm. (b) Time-gated
luminescence intensity images (Aex = 405 nm) of Hela cells incubated with the polymer
20pgmL~! at 37°C for 2hat 159.6 mmHg or 19 mmHg O, concentrations with
different time delays. The magnification of the objective lens is 60 x . The lumines-
cence signals were collected in the range of 410—580 nm.

by using CPE-nanoparticle as a lifetime-based probe. The mean
emission lifetime 7 was approximately 130 ns (159.6 mmHg) and
360 ns (19 mmHg), demonstrating the sensitive response of the
lifetime of CPE-nanoparticle towards O, levels (Fig. 3a). The PLIM
results indicated that the emission signals from CPE-nanoparticle
could be distinguished from the interference of short-lived auto-
fluorescence. Therefore, it is feasible to use the CPE-nanoparticle as
a potential lifetime probe for discriminating normoxia and hypoxia
in living cells.

Furthermore, to eliminate the short-lived autofluorescence in
complicated conditions in living cells, TGLI imaging was used to
monitor the intracellular oxygen level (Fig. 3b). Without delay time,
the signals of images showed a similar intensity at 159.6 mmHg and
19 mmHg concentrations, owing to the reference fluorescence from
short lifetime moieties. However, by exerting a 250 ns decay time,
the signal of the images at 159.6 mmHg concentration disappeared
whereas the signal of the images at 19 mmHg O, concentration was
still observed, which ascribed to the long-lived phosphorescence
from Pt(II) complex of the CPE-nanoparticle. These results indicated
that hypoxia sensing could be more accurate by exerting a long
delay time. Therefore, TGLI imaging can avoid anti-interference
effectively on the basis of long-lived phosphorescence signal.

4. Conclusion

In summary, a dual emissive and biocompatible hypoxia probe
CPE-nanoparticle has been developed for the high sensitive and
reliable imaging of hypoxia. The phosphorescence emissive in-
tensity and lifetime from CPE-nanoparticle showed an excellent

sensitivity to oxygen level. The probe can be readily used for
ratiometric measurement, allowing for the quantitative evaluation
of the hypoxia concentration in living cells with low cytotoxicity.
Furthermore, the CPE-nanoparticle can employ TRLI techniques to
monitor Oz, which can remarkably improve the sensitivity and
accuracy. We believe that the CPE-nanoparticle can provide a spe-
cific tool for hypoxia imaging, and will enrich the design of ratio-
metric and lifetime-based probes for monitoring hypoxia in living
cells. Further work will focus on developing efficiently NIR-
excitable hypoxia probes in vivo.
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