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Phosphorescent Polymeric Thermometers for In Vitro and
In Vivo Temperature Sensing with Minimized Background

Interference

Zejing Chen, Kenneth Yin Zhang, Xiao Tong, Yahong Liu, Changyong Hu, Shujuan Liu,

Qi Yu, Qiang Zhao,* and Wei Huang*

1. Introduction

Temperature plays a crucial role in many biological processes. Accurate

temperature determination is important for diagnosis and treatment of
diseases. Autofluorescence is an unavoidable interference in luminescent
bioimaging. Hence, a large amount of research works has been devoted to
reducing background autofluorescence and improving signal-to-noise ratio
(SNR) in biodetection. Herein, a dual-emissive phosphorescent polymeric

As a fundamental physical parameter,
temperature plays a key role in various
physical and chemical processes, and
exquisitely affects many physiological
activities, such as enzyme reaction, gene
expression, cell division, and metabo-

thermometer has been developed by incorporating two long-lived phospho- lism.! In pathological studies, some

rescent iridium(l11) complexes into an acrylamide-based thermosensitive
polymer. Upon increasing temperature, this polymer undergoes coil-globule
transition, which leads to a decrease in polarity of the microenvironment
surrounding the iridium(l1l) complexes and hence brings about emission
enhancement of both complexes. Owing to their different sensitivity to sur-
rounding environment, the emission intensity ratio of the two complexes is
correlated to the temperature. Thus, the polymer has been used for tempera-
ture determination in vitro and in vivo via ratiometric luminescence imaging.
More importantly, by using the long-lived phosphorescence of the polymer,
temperature mapping in zebrafish has been demonstrated successfully

with minimized autofluorescence interference and improved SNR via time-
resolved luminescence imaging. To the best of our knowledge, this is the
first example to use photoluminescent thermometer for in vivo temperature

malignant cells within tissues are found
to maintain higher temperatures than
healthy cells owing to abnormal metabolic
rates.l) Hence, accurate measurement of
the temperature in living cells and real-
time temperature mapping within whole
living organism are important in under-
standing physiological events and con-
tribute to advancements in diagnoses and
therapies.}l Traditional methods based
on thermocouple thermometers exhibit
low spatial resolution and usually cause
organism damage. Luminescent mate-
rials including organic dyes, polymers,P!
quantum dots,[® nanoclusters,”] upcon-
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verting nanoparticles,®! and proteins!®
have been proposed to address the need.
These luminescent probes displayed sig-
nificant changes in their photophysical
properties in response to temperature variation, providing non-
invasive and inherently parallel approach that is particularly
suitable for intracellular temperature determination.l>®1°)

In most cases, the emission intensity of the photolumines-
cent thermometer is correlated to the temperature, and hence it
appears simple and straightforward to determine the tempera-
ture by measuring the intensity.'/ Compared to the intensity-
based method, wavelength-ratiometric probes display profile
changes in their emission spectra upon temperature varia-
tion and the ratio of intensities at two emission wavelengths
is used to reflect the temperature, which allows self-calibration
and improves accuracy and precision.*>4£12 When the
probes are applied to in vivo measurements, the lumines-
cence intensity is interfered with autofluorescence generated
from endogenous fluorophores, limiting the applications of
either intensity-based or wavelength-ratiometric methods.
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Time-resolved luminescence imaging,*¥ such as photolumi-
nescence lifetime imaging microscopy (PLIM) and time-gated
luminescence imaging (TGLI), provides a possibility to analyze
emission signals in the time domain even though they occur
at the same wavelength. Transition-metal complexes display
phosphorescence which shows remarkably longer lifetimes
than autofluorescence. Additionally, these complexes exhibit
high quantum efficiency, significant Stokes shift, and excellent
photostability.'¥ Especially, their phosphorescence properties
come from various charge-transfer states, which are sensitive
to surrounding environments, including temperature. These
characteristics render them good candidates for bioimaging of
temperature.

In this work, we designed and synthesized two phospho-
rescent polymeric thermometers (P1 and P2, Scheme 1) by
incorporating phosphorescent iridium(III) complexes into
water-soluble acrylamide-based thermosensitive polymers. The
phosphorescent polymers P1 and P2 showed orange and cyan
emission, respectively, which were significantly enhanced upon
increasing temperature from 16 to 40 °C because the polymers
underwent conformational changes from an extended struc-
ture to an aggregated state, leading to an increase in rigidity
and a decrease in polarity of the microenvironment of the
iridium(I1I) complexes thus bringing about emission enhance-
ment. Interestingly, the sensitivities of the thermometers are
quite different. Therefore, a polymer involving both the orange-
and cyan-emissive iridium(III) complexes was synthesized as
wavelength-ratiometric thermometer (Scheme 1). This dual-
emissive phosphorescent polymeric thermometer (P3) has
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been used for in vitro and in vivo temperature measurement
via ratiometric photoluminescence imaging and time-resolved
luminescence imaging. Importantly, the long-lived phospho-
rescence of P3 has been easily distinguished from short-lived
autofluorescence in the zebrafish imaging. To the best of our
knowledge, this is the first report of using photoluminescent
thermometer for in vivo temperature mapping.

2. Result and Discussion

2.1. Design, Synthesis, and Characterization of Polymers

Poly N-n-propylacrylamide (PNNPAM) was selected as the ther-
mosensitive polymer backbone since it undergoes a reversible
lower critical solution temperature phase transition between a
swollen hydrated state and a shrunken dehydrated state in the
temperature range of about 20 to 40 °C,5%¥! which covers the
physiological temperature of humans and most animals. To
guarantee the polymers having enough thermosensitivity, the
PNNPAM units in polymers were controlled above 96 mol%.
Around 2% of the monomers with a cationic ammonium were
introduced into PNNPAM to improve water solubility and cel-
lular uptake.’“’> Owing to the sensitive phosphorescence
properties to the microenvironment, two iridium(IIl) com-
plexes Irl and Ir2 (Scheme 1), which displayed orange and
cyan phosphorescence, respectively, were selected to convert
the temperature-induced conformational change of PNNPAM
into photoluminescence signals, facilitating the visualization
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Scheme 1. Schematic diagram and chemical structures of polymers (P1, P2, and P3) and iridium(l11) complexes (Ir1 and Ir2).
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by naked eyes and the detection via photoluminescence
microscopy.

The synthetic routes and chemical structures of complexes
and polymers were shown in Scheme S1-S3 (Supporting Infor-
mation). For complexes Irl and Ir3, the cyclometalated ligand
(N,N-diphenyl-4-(quinolin-2-yl)aniline (pqa), HC*N ligand) was
easily obtained in good yield by a Friedlinder condensation reac-
tion of 2-aminobenzaldehyde with 1-(4-(diphenylamino)phenyl)-
ethanone according to a previously published procedure.!'
And the cyclometalated iridium(III)-chlorobridged dimers of
a general formula (C*N),Ir(u-Cl),Ir(C"N), were synthesized
according to the Nonoyama route by refluxing IrCl;-3H,0 with
2.0-2.5 equiv. of cyclometalated ligand (HC"N) in a 3:1 (V:V)
mixture of 2-ethoxyethanol and water.'>dl Then, the com-
plexes were synthesized through the bridge-splitting reaction
of [Ir(pqa),Cl], (pqa =N, N-diphenyl-4-(quinolin-2-yl)aniline) and
subsequent complexation with the ligand N-(1,10-phenanth-
rolin-5-yl)propionamide (pap) and N-(1,10-phenanthrolin-5-yl)
acrylamide (paa), respectively, which were synthesized through
amidation of 1,10-phenanthrolin-5-amine with the propionyl
chloride or acryloyl chloride. As for complexes Ir2 and Ir4, they
were obtained via the reaction of 1-bromopropane or 3-bromo-
prop-1-ene with the precursor complex 15, respectively, which
was prepared according to a previously reported procedure.[1¢!
Finally, the target copolymer P1 or P2 was synthesized via free
radical polymerization from Ir3 or Ir4, PNNPAM and (3-acryla-
midopropyl)trimethylammonium. Polymer P3 containing
both the Irl and Ir2 units was also prepared using the same
method. All of the complexes and copolymers were obtained
as powders and they were characterized by NMR. The number-
average molecular weight of these polymers are 11 200, 10 300,
and 10 100 with polydispersity indexes (PDI) of 1.83, 2.03, and
2.05, respectively, which were measured via gel permeation
chromatography (GPC) in tetrahydrofuran (THF) by using the
calibration curve of polystyrene standards (Table 1). The actual
contents of complexes in polymers are different from the initial
feed ratio, which is due to the reaction activity or steric hin-
drance of complexes.

The photoluminescence (PL) spectra of copolymers in a
phosphate buffer solution were shown in Figure 1, which are
corresponding to the emission spectra of complexes Irl and
Ir2 (Figure S1, Supporting Information). Upon photoexcitation,
P1 showed a broad emission band centered at 590 nm, while
P2 displayed a structured emission band with the maxima at
470 and 490 nm. Generally, the PL spectra from the ligand-
centered 37m-m* state display vibronic progressions, whereas
those from the charge-transfer (CT) state are broad and feature-
less. Thus, the emissions of P1 and P2 have been assigned to

www.afm-journal.de

metal-to-ligand charge-transfer (*MLCT) and triplet intraligand
(*IL) excited states, respectively. It is noteworthy that P1 and
P2 could be simultaneously excited at 405 nm, which is one of
the most commonly used laser sources in confocal microscopy,
and that their respective orange and cyan phosphorescences
were spectrally well separated (A > 100 nm). Additionally, both
emission bands of P3 basically retained their characteristics
indicating limited energy or electron transfer between these
two complexes units. Last but equally important is that the
quantum yields of P1, P2 and P3 in aqueous solution were 0.12,
0.10, and 0.12, respectively (Table S1, Supporting Information),
which could support the highly resolved luminescence images.

2.2. Photoluminescence Responses of Polymers to Temperature
Change

The photoluminescence response of P1 and P2 to tempera-
ture has been investigated via emission spectral change
(Figure 2a,b). Upon increasing temperature from 16 to 36 °C,
both P1 and P2 displayed emission enhancement owing to
the increase in rigidity and decrease in polarity of the micro-
environment of the iridium(III) complex units, which were
brought about by the conformational change of the polymer
backbones.’41#017] Very interestingly, the emission enhance-
ment factors of the polymeric thermometers were different;
the photoluminescence of P2 at 470 nm was enhanced by
8.6-fold, while P1 only exhibited a 2.9-fold emission enhance-
ment at 590 nm. This has been ascribed to different sensitivity
of excited state of the two iridium(IIl) complexes to polarity,
which was supported by the fact that, compared to complex
Ir1, complex Ir2 displayed a higher dependence of the lumines-
cence quantum yield and lifetime on the polarity of the solvent
(Figure S2, Supporting Information).

Based on these findings, we incorporated both complexes
into the same PNNPAM and synthesized a dual-emissive phos-
phorescent polymer (P3). Considering the different sensitivity
of excited state of complexes to polarity and different reac-
tion activity of complexes, the feed ratios listed in Table 1 were
adopted to obtain appropriate ratiometric luminescence response.
The photophysical properties of P3 in phosphate buffer saline
(PBS, pH = 7.4) at different temperatures were investigated.
The results revealed that the phosphorescence intensity from
Ir2 at 470 nm was remarkably enhanced upon increasing tem-
perature, while that from Irl at 590 nm only exhibited a rela-
tively moderate enhancement (Figure 2c), which was consistent
with the temperature sensing performance of P1 and P2 and
resulted in a ratiometric luminescence response; the intensity

Table 1. Physical properties of the phosphorescent polymers prepared in this study.

Polymers Monomer ratio in feed? Yield/% Composition in M, M, PDI (M,,/M,)
polymer?

P1 100: 2.67: 0.09: 0 36.3 100: 2.01: 0.15: 0 20500 11200 1.83

P2 100: 2.67: 0: 0.86 322 100: 2.36: 0: 0.85 21000 10300 2.03

P3 100: 2.67: 0.09: 0.86 30.7 100:2.32: 0.11: 0.89 20700 10100 2.05

ANNPAM: APTMA: Ir1: Ir2; Y Weight-average molecular weight; YNumber-average molecular weight.
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Figure 1. Normalized emission spectra of a) P1 (orange), P2 (cyan), and b) P3 in phosphate buffer saline (pH = 7.4) at 25 °C.

ratio (Ig7o nm/Is90 nm) increased by about 18.2-fold (Figure 2d) and
the luminescence color of the P3 solution changed from orange
through white to cyan when temperature increased from 10 °C
to 40 °C (Figure 2e). This luminescence color change has been

attributed to the temperature-induced conformational response
of P3. The transmission electron microscopy (TEM) images indi-
cated that P3 existed in spherical particles at 25 °C (Figure 2g).
The dynamic light scattering (DLS) analysis revealed that the
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Figure 2. Emission spectra of a) P1, b) P2, and c) P3 (0.01 w/v%) in phosphate buffer saline (pH = 7.4) at various temperatures; d) temperature-
dependent ratio of phosphorescence intensity at 470 and 590 nm (black, left axis) and temperature resolution (red, right axis); e) CIE chromaticity
diagram showing the temperature dependence of the (x, y) color coordinates; f) photographs of P3 in aqueous solution at different temperatures; g) the
transmission electron microscopy images of P3; h) the hydrodynamic diameters of P3 (0.01 w/v%, 0.15 x 10~ m KCI, pH = 7.4) at different tempera-
tures; i) a correlation between the temperatures and the micelles sizes of the P3 as examined by DLS measurements. Excitation wavelength was 405 nm.
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hydrodynamic diameter of P3 was reduced to g — 500
4.9 nm at 10 °C but increased to 162.8 nm at -e- Red Channel

40 °C (Figure 2h,i). At low temperature, P3 9004 JR—

showed good water solubility and dispers- & P 2 a ;',1
ibility owing to hydrogen bonding between = . 7
the amide linkages of P3 and water molecules. g 1 --- ¥
Upon increasing temperature, the water mol- % P :I_h
ecules were released and hydrophobic interac- %5 3001 R o
tion among P3 led to partial aggregation and =
the microenvironment of the iridium(III) com- 0 . . , : : =
plexes was reduced in polarity and increased W 1 & & W o @ .2
in rigidity. Hence, a sharp luminescence color Temparaturs (%€) 2
change was observed (Figure 2f) with a high 2,

temperature resolution (about 0.4-0.6 °C) and
a wide temperature functional range (Figure 2d).

The emission lifetime of P3 at different
temperature was also recorded via PLIM.
Figure 3a showed that the photoluminescence
lifetime (482 £ 35 nm) extended from 223.6 to
498.5 ns when the temperature was increased
from 15 to 35 °C, while the photolumines-
cence lifetime (2550 nm) got a moderate

Normalized Amplitue ©

increase from 779.3 to 885.4 ns. Relative PLIM "o
images of P3 solution and corresponding
phosphorescence decays were shown in
Figure S3 (Supporting Information). Besides,
considering that PLIM can provide spatially
resolved luminescence lifetime data based on
the photon arrival statistics at each pixel of
the image, the change of P3 solution states
responsive to temperature was investigated.
As shown in Figure 3b, the highly magnified PLIM images of
P3 solution at different temperatures were shown, in which the
photoluminescence through the bandpass filter (482 + 35 nm)
was collected for evaluating emission lifetime, since the cyan
emission band of P3 was more sensitive to temperature. At lower
temperatures, P3 solution is homogeneous. Then, the micelles
gradually formed with increasing temperature. Along with the
change of polymer conformation, the emission intensity and
lifetime range of P3 varied. As shown in Figure 3c, photo-
luminescence intensity collected at 15 °C was too weak to
be analyzed, while ROI A and B at higher temperatures were
selected for the detailed study. On average, ROI B was more
than one order of magnitude brighter than ROI A, and dis-
played a wide distribution of photoluminescence lifetimes from
300 to 600 ns, while ROI A clearly shows a narrow distribution
of lifetimes centered around 350 ns. Representative solution
photoluminescence decays for ROI A and ROI B are fitted
with exponential decay functions and the resulted lifetimes are
353.3 and 477.3 ns, respectively. Thus, the extended lifetime
along with temperature-induced conformational response of pol-
ymers in microscale can be monitored via PLIM.

(bottom);

2.3. Evaluation of Potential Application of Polymer
as Biological Probe

The potential application of P3 for intracellular and in vivo tem-

perature measurement has been evaluated. Figure 4a showed
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Figure 3. a) Luminescence lifetime versus temperature. The green channel was collected
through bandpass filter (482 = 35 nm); the red channel was collected through long-pass filter
(2550 nm). b) The PLIM images of P3 solution at 15 °C (top), 25 °C (middle), and 35 °C
c) experimental luminescence decay curves of ROI A (25 °C) or ROI B (35 °C).T was
the average luminescence lifetime calculated from the double exponential decay fits. The lumi-
nescence at 15 °C was too weak to be calculated. Excitation wavelength was 405 nm.

that the luminescence response of P3 exhibited good reversi-
bility when the temperature was changed between 15 and 35 °C
repeatedly. The improvement of the reproducibility compared
with the relative standard deviation (RSD) without ratiometry
(Figure S4, Supporting Information) may be attributed to the
signal of the single emission readout affected by some other
factors, such as the distribution of the nanoparticles, power
of excitation, and sensitivity of detectors. Figure 4b indicated
good stability of P3; though the phosphorescence spectra dis-
played minor differences, the ratio (1479 nm/I590 nm) did not show
notable change for the solution stored over 25 h. In addition,
the solution of P3 still possessed good reversibility even it had
been stored more than three months.

Considering that the content of probe cannot be determined
quantitatively in living cells and the environmental conditions
in living cells, such as ionic strength, pH, and protein concen-
tration are not constant in space and time, further investiga-
tion to verify the thermal responsive properties of P3 in cell
culture and the influence of the intracellular species has been
conducted. The experiments demonstrated that the ratiometric
phosphorescence response was independent of P3 concentra-
tion (0.001-0.01 w/v%), pH values (4-10), and ionic strength of
the solution (50-450 x 107! KCl), but slightly affected by protein
concentrations (Figure S5, Supporting Information).

Photobleaching and cytotoxicity are other problems that
limit the application of many luminescence probes in living
organism. The cytotoxicity of P3 toward HelLa cells was evalu-
ated by the 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium

wileyonlinelibrary.com 5

dadvd Tind



-
™
s
[
-l
wd
=
™

6  wileyonlinelibrary.com

[ )
N
N
o

—
i

R( I470” 590)
°

0.5
0.04 15°C
0 2 4 6 8
Cycle Number

(2}
Q

Viability (%)
Intensity (a.u.)

0 0.05 01 0.2 04 0.3
Concentration (mg/mL)

'a\
M“\“\)iié

www.MaterialsViews.com

2.0
¢ 50 mM KCIpH=74
¢ 150 MM KCI pH=7.4
15. ¢ 150 mM KCI pH =4
-
g
T T L LT .
4
0.5
0.0 T T T T
0 6 12 18 24
Time (hour)
3.5k 2.5
~+—Green Channel
3.0k —+—Red Channel ?
UK+ —e—Ratio ] Q
/\/)\/\/\»/\/-/\“\/ = <
2.5k =
0By 80000 g 0. g NBB-0 gy 0% g% 000 1.5 8
2.0k - 15]
W | o
1.5k 14 ‘3
14
1.0k 0.5

0 5 10 15 20 25
Irradiation (times)

Figure 4. a) Reversibility of the phosphorescence response of P3 (0.01 w/v%) to temperature variation in potassium chloride (150 x 107! m) solution
(coefficient of variance (CV), 15 °C, CV% = 2.3%, 35 °C, CV% = 1.5%); b) stability of P3 (0.01 w/v%) in potassium chloride solutions with different
concentration and pH value at 25 °C for over 26 h; c) cytotoxicity of P3 on Hela cells determined by MTT assay; d) photostability of P3 in living Hela

cells. Laser power: 100 p\W; irradiation time: 15 s scan™’

; emission wavelength: 460-510 nm (green channel, green line, left axis) and 570-620 nm (red

channel, red line, left axis); ratio of green and red fluorescence (blue line, right axis). Excitation wavelength was 405 nm.

bromide (MTT) assay.'®! P3 had no obvious effects on the cell
viability at a concentration less than 0.8 mg mL™! (Figure 4c),
which demonstrated its good biocompatibility. Figure 4d showed
that both the green and red luminescence were photostable
under the illumination of the laser at 405 nm with the power
of 100 pW. Although a slight variation in luminescence inten-
sity was observed due to the fluctuation in the excitation source
power, it was well eliminated by using the luminescence inten-
sity ratio of the green over the red luminescence.

2.4. Application of Polymer for Intracellular
Temperature Sensing

The use of P3 for intracellular temperature sensing was demon-
strated via confocal laser scanning microscopy. The temperature
of extracellular buffer was controlled using a heating stage and
a digital thermocouple. The excitation wavelength was 405 nm
and phosphorescence signals in the green (460-510 nm) and
orange (570-620 nm) channels were collected. The experi-
ment results exhibited that P3 can be efficiently internalized
by the endocytosis of HelLa cells. After co-incubation with P3
in serum-free cell culture medium at ambient temperature for
2 h, appreciable amounts of P3 were uptaken into the HeLa
cells. As shown in Figure 5a, the phosphorescence intensity
in the green channel increased with rising temperature, and
that in the red channel changed slightly, which was consistent
with the results observed in aqueous solution. The ratiometric

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

luminescence imaging revealed that the phosphorescence ratio
at the green channel to the red channel increased from 0.82 to
1.79 when the temperature was increased from 15 °C to 35 °C.
The small difference of thermal sensitivity of P3 between in
solution and in cells may be arisen from inconsistency between
PBS buffer solution and real environment, which can be neg-
ligible. To demonstrate the resistance of the ratiometric detec-
tion to external influences, other four different experimental
conditions were controlled for ratiometric temperature imaging
(Figure 5b and Figure S6, parts 4-8, Supporting Information):
(4-6) the incubation concentration of P3 was varied from 0.005
to 0.02 w/v%; (7) the incubation duration of P3 was shorten
to 1 h; (8) the 405 nm laser power was randomly increased.
Different from the fluctuant intensity recorded in green or
red channels, the ratios only depended on the temperature,
and were independent of the dose of P3, incubation time, or
power of excitation laser. Based on the strong resistance toward
external influences, accurate intracellular temperature determi-
nation was achieved with ratiometric readout.

2.5. Application of Polymer for in vivo Temperature Sensing

Encouraged by the feasible temperature sensing in living cells,
we subsequently examined the capability of P3 in zebrafish
larva (120 hpf), considering that zebrafish is widely used for
studying vertebrate development and cancers.'”2% As confocal
images shown in Figure 6a, the luminescence distributes in the

Adv. Funct. Mater. 2016,
DOI: 10.1002/adfm.201600706
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to the interference induced by the intense
autofluorescence in vivo.

Nonetheless, we acquired a satisfac-
tory result via the PLIM. As shown in
Figure 6¢c, the PLIM images well distin-
guished the short-lived autofluorescence
and the long-lived phosphorescence of P3,
although the emission lifetime of P3 was
shorter than that in aqueous solution. By
deducting the photons with lifetimes shorter
than 150 ns, we eliminated the intense auto-
fluorescence from the yolk sac and belly of
the zebrafish. Importantly, similar to the vari-
ation trend in aqueous solution, the PLIM
images showed that the phosphorescence
lifetimes of P3, detected through the band-
pass filter (482 £ 35 nm), increased from
321.3 to 447.5 ns when the temperature was
increased from 22 to 28 °C; while the rise
of the phosphorescence lifetimes detected
through the bandpass filter (2550 nm) was
nearly negligible. This result demonstrated
25 that the phosphorescent polymer probe

2,50
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Experimental Conditions

Figure 5. a) Confocal laser scanning microscopy images of Hela cells labeled with P3 at 15 °C
(top), 25 °C (middle), and 35 °C (bottom). The green channels (left) were acquired by col-
lecting the luminescence from 460 to 510 nm, while the red channels (center) were from 570
to 620 nm. The ratiometric luminescence images (right) were the green channel to red channel;
b) luminescence intensity of HeLa cells recorded from the green channel (green) and the red
channel (red) and the intensity ratio green/red (purple). (2), (3), (4) Luminescence intensity
and ratio were collected from images in panel (a) (15, 25, and 35 °C). Control experimental
6) the Hela cells were treated with different
concentration P3 (0.005, 0.01, and 0.02 w/v%) for 2 h; (7) the time of incubation was shortened
to 1 h; (8) the laser power was randomly increased. Excitation wavelength was 405 nm.

conditions: images were collected at 25 °C. (4—

whole of zebrafish larva, and the luminescence intensity in yolk
sac and belly was particularly strong. Upon increasing tempera-
ture, both the emission intensities of green channel (collected
at wavelengths from 460 to 510 nm) and red channel exhibited
slight increase. Additonally, the luminescence ratio of the green
channel (collected at wavelengths from 460 to 510 nm) to the
red channel (collected at wavelengths from 570 to 620 nm) did
not display obvious increase when the temperature increased
from 22 to 28 °C (Figure 6b). This phenomenon is probably due
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exhibits an evident difference in emission
lifetimes at different temperatures in com-
plex physiological environmental, which
could be clearly observed. Thus, the polymer
can be applied as an excellent PLIM probe
for sensing temperature in vivo.

To further demonstrate the ability of anti-
interference when P3 was applied for tem-
perature sensing in vivo, the TGLI measure-
ment has been carried out. In this experi-
ment, the luminescence intensity images at
different time ranges were collected from the
bandpass filter (482 = 35 nm) (Figure 6d).
When the signal was collected at a time range
of 0 to 2000 ns, the images of P3-treated
zebrafish exhibited high signal intensities
at two temperatures due to the presence of
intense autofluorescence and P3. Once a
particular time delay was exerted, such as
the image collected at a time range of 150 to
2000 ns, the signal intensity of intense short-
lived autofluorescence from the zebrafish
could be eliminated effectively. Thus, the
emission signal from P3 could be observed,
and the change of emission of P3 at
different temperatures (22 and 28 °C) can
be monitored by TGLI. When further time
delay was exerted (the image collected at a time range of 500 to
2000 ns), a larger difference of signal intensities between two
temperatures appeared; at higher temperature (28 °C), the
long-lived luminescence (7, > 500 ns) became stronger com-
pared to that at lower temperature (22 °C), which indicated that
temperature sensing becomes more sensitive by collecting the
signal at a long time range via the TGLI technique. All these
results indicated that P3 can be used not only as intensity-
based thermometer for ratiometric temperature determination
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Figure 6. a) Bright images and confocal laser scanning microscopy images of living zebrafish larva after injection of P3 at 22 °C (top) and 28 °C
(bottom). The green channels were acquired by collecting the luminescence from 460 to 510 nm, while the red channels were from 570 to 620 nm.
The ratiometric luminescence images (right) were the green channel to red channel. b) Luminescence intensity of zebrafish recorded from the green
channel (green) and the red channel (red) and the intensity ratio (green/red) (purple) at 22 or 28 °C. ¢) PLIM images of living zebrafish larva at 22 and
28 °C. The lifetimes (482 + 35 nm) were obtained with PL decay curve from 0-2000 ns (parts 1-4) and 150-2000 ns (parts 5, 6). The lifetimes (=550 nm)
were obtained with PL decay curve from 0-2000 ns (parts 7, 8). d) TGLI images of living zebrafish at 22 and 28 °C. The luminescence (482 + 35 nm)
was obtained with a delay of 0 ns (left), 150 ns (center), and 500 ns (right), respectively. Excitation wavelength was 405 nm.

in vitro, but as lifetime-based probe for temperature sensing in
vivo.

3. Conclusion

In this work, we have developed a novel water-soluble dual-
emissive phosphorescent polymeric thermometer that could
be applied to temperature sensing in vitro and in vivo via

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ratiometric imaging and time-resolved luminescence imaging.
The thermometer displayed good stability and biocompatibility.
In particular, the ratiometric luminescence response improved
the accuracy of the intracellular temperature mapping com-
pared to intensity-based methods and the time-resolved lumi-
nescence imaging minimized the short-lived autofluorescence
interference and improved signal-to-noise ratio. To the best of
our knowledge, this is the first example of using luminescent
probes for in vivo temperature sensing. In the future work,
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efforts will be put on the improvement of the sensitivity of the
probe and extension of the temperature mapping to mammals.

4. Experimental Section

General Experimental Information: All operations were performed
under an inert nitrogen atmosphere using standard Schlenk unless
otherwise stated. All solvents were used after distillation and stored
over activated molecular sieves (5 A). All reagents and chemicals
were procured from commercial sources and used without further
purification unless otherwise noted. All solvents were of analytical grade
and purified according to standard procedures. APTMA chloride was
purchased from TCI. Cell culture reagents and fetal bovine serum (FBS)
were purchased from Gibcco. The 'H, *C, and 'F NMR spectra were
recorded on a Bruker Ultra Shield Plus 400 MHz NMR instrument at
298 K using deuterated solvents. Chemical shifts are given in ppm,
and are referenced against external Me,Si ('H, '3C). Mass spectra were
obtained on a Bruker autoflex matrix-assisted laser desorption ionization
time-of-flight (MALDI-TOF) mass spectrometer. The number-average
molecular weight (M,) and weight-average molecular weight (M,,) of
the polymers were characterized in THF by GPC at 308 K (polystyrene
as standard). TEM was conducted on a JEOL JEM-2100 transmission
electron microscope at an acceleration voltage of 100 kV. Average
particle size was measured via DLS on Zetasizer Nanoseries (Nano
7590). The UV-vis absorption spectra were obtained with a Shimadzu
UV-3600 UV-vis—NIR spectrophotometer. Photoluminescence spectra
were measured on an Edinburgh FL 920 spectrophotometer equipped
with a temperature controller. Excited-state lifetime studies were
performed with an Edinburgh LFS-920 spectrometer with a hydrogen-
filled excitation source. The data were analyzed by iterative convolution
of the luminescence decay profile with the instrument response function
using a software package provided by Edinburgh Instruments. The
absolute quantum yields of the complexes were determined through an
absolute method by employing an integrating sphere. The solution was
degassed by three freeze-pump-thaw cycles. Photographs of the solution
samples were taken with a Cannon EOC 400D digital camera under a
hand-held UV lamp. Confocal luminescence imaging was carried out on
an Olympus IX81 laser scanning confocal microscope with a stage plate
heater (INUB-ONICS, Tokai Hit) and a thermocouple probe immersed
in the solution. The PLIM setup was integrated with the same Olympus
IX81 laser scanning confocal microscope. The lifetime values were
calculated with professional software provided by PicoQuant Company.

Synthesis of [Ir(pqa),(pap)]"PFs (Ir1): A mixture of cyclometalated
iridium(l11) chloro-bridged dimer [Ir(pqga),Cl], (500.0 mg, 0.26 mmol)
and N-(1,10-phenanthrolin-5-yl)propionamide (160.0 mg, 0.64 mmol)
in solution of dichloromethane/methanol (1:1 v/v) was heated at
reflux under nitrogen for 6 h. The mixture was then cooled to room
temperature, and KPFg (998 mg, 5.30 mmol) was added to the solution.
Then, the mixture was evaporated under reduced pressure. Lastly,
chromatography on silica gel with dichloromethane/acetone (30:1, v/v)
as the eluent gave the orange-red complex Irl. Yield: 53%. '"H NMR
(400 MHz, DMSO-dg) & (ppm): 10.17 (s, TH), 9.23 (dd, J = 0.8 Hz,
8.8 Hz, 1H), 8.66 (dd, J = 1.2 Hz, 8.2 Hz, 1H), 8.56 (dd, J = 0.9 Hz,
48 Hz, TH), 844 (dd, J = 12 Hz, 52 Hz, TH), 8.34 (s, 2H),
8.11-7.96 (m, 8H), 7.64-7.60 (m, 2H), 7.22-7.18 (m, 2H), 6.97-6.76 (m,
24H), 6.54 (dt, ] = 8.8Hz, 2.4 Hz, 2H), 6.04 (dd, J = 2.4 Hz, 4.8 Hz, 2H),
1.08 (t, J = 7.6 Hz, 3H). 13C NMR (400 MHz, DMSO-dg) & (ppm): 169. 9,
164.8,152.7,152.4, 149.2, 148.9, 148.0, 147.1, 146.7, 145.8, 144.0, 139.6,
138.6, 138.0, 134.9, 133.5, 131.5, 130.8, 130.3, 129.6, 129.4, 129.0, 128.9,
127.6,126.9, 126.8, 126.5, 126.3, 126.1, 124.8, 123.4,123.3, 119.7, 117.9,
113.6, 50.01, 31.33. MALDI-TOF-MS m/z: 1185.94 [M-PF¢]".

Synthesis  of  [Ir(fpp)2(ppa)]  (Ir2): A  mixture of complex
[Ir(fpp)2(hpa)]  (200.0 mg, 0.27 mmol), K,CO; (100.0 mg,
0.72 mmol), and bromopropane (0.2 mL, 2.20 mmol) was added to N,N-
dimethylformamide (15 mL). The mixture was stirred under nitrogen
at 25 °C for 12 h. After cooling, the organic phase was concentrated

Adv. Funct. Mater. 2016,
DOI: 10.1002/adfm.201600706

© 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

ww.afm-journal.de

and then purified by silica gel chromatograph using dichloromethane/
ethyl acetate (5:1, v/v) to give the lawn green complex Ir2. Yield:
75%. TH NMR (400 MHz, DMSO-dg) & (ppm): 8.56 (dd, J = 0.8Hz,
5.6 Hz, 1H), 8.24 (dd, J = 8.0 Hz, 18.4 Hz, 2H), 8.07-7.98 (m, 2H), 7.78
(dd, J = 0.8 Hz, 8.8 Hz, 1H), 7.64 (dd, J = 0.8 Hz, 6.0 Hz, 1H), 7.52-7.47
(m, 2H), 7.34-7.30 (m, TH), 7.26 (dd, | = 0.8 Hz, 4.8 Hz, 1H), 6.84-
6.73 (m, 2H), 5.65 (dd, J = 2.4 Hz, 8.4 Hz, TH), 5.43 (dd, | = 2.4 Hz,
8.8 Hz), 4.03 (t, J = 6.4 Hz, 2H), 1.74 (m, 2H), 0.99 (t, J = 7.2 Hz,
3H). 3C NMR (400 MHz, DMSO-d6) & (ppm): 170.46, 164.12
(d,J=7.0Hz),163.50 (d,J = 6.8 Hz),163.18 (dd, ) =12.8 Hz, 253 Hz), 162.67
(dd, J = 12.3 Hz, 256 Hz), 161.15 (dd, J = 13.4 Hz, 257.5 Hz), 160.83
(dd, J = 12.9 Hz, 257.4 Hz), 159.06, 155.15 (d, J = 60 Hz), 154.15 (d,
J = 6.2 Hz), 149.43, 148.46, 140.72, 139.76 (d, J = 7.2 Hz), 138.31,
130.58, 128.57 (t, J = 3.4 Hz), 128.34 (t, ] = 3.4 Hz), 125.03, 124.44,
124.01, 123.20 (dd, J = 8.5 Hz, 19.3 Hz), 114.12 (t, J = 9 Hz), 98.09
(t, J = 27.0 Hz), 97.93 (t, J = 27.0 Hz), 70.73, 22.36, 10. 85. '°F NMR
(376 MHz, DMSO-ds) & (ppm): —107.66 (d, J = 10.2 Hz), —108.48
(d, J = 9.8 Hz), —109.68 (d, J = 10.2 Hz), —110.25 (d, J = 10.2 Hz).
MALDI-TOF-MS m/z: 753.36.

The detailed synthesis of complexes and relative ligands can be found
in the Supporting Information.

Synthesis of P1, P2, and P3: A mixture of PNNPAM (352.0 mg, 3.1 mmol),
APTMA chloride (25pL, 82.8 pmol), 2,2-azobisisobutyronitrile (5.5 mg,
33.5 pmol), complex Ir3 (3.0 mg, 2.25 pmol), and complex Ir4
(20.0 mg, 26.6 pmol) was dissolved in N,N-dimethylformamide (3.0 mL).
The solution was bubbled with dry nitrogen for 2 h to remove dissolved
oxygen and then stirred under nitrogen at 80 °C for 12 h. After cooling,
the reaction mixture was poured into diethyl ether (250.0 mL), and the
obtained P3 was purified by reprecipitation using methanol/diethyl
ether (5 ml/250 mL) and dialysis. Yield: 30.7%. GPC (THF, polystyrene
standard): M, = 10 100, PDI = 2.05. For the preparation of P1, the
complex Ir3 (3 mg, 2.25 pmol) was added to the above mixture and other
procedure was same. Yield: 36.3%. GPC (THF, polystyrene standard):
M, =11 200, PDI = 1.83. For the preparation of P2, the complex Ir4
(20 mg, 26.6 pmol) was added to the above mixture and other
procedure was same. Yield: 32.2%. GPC (THF, polystyrene standard):
M, = 10 300, PDI = 2.03. The contents of the NNPAM and APTMA
units in the copolymers were determined from Bruker Ultra Shield
Plus 400 MHz NMR instrument. The proportions of the iridium(lll)
complexes units in the copolymers were determined from their
absorbance in dichloromethane with the model iridium(lll) complexes
(Ir1, £=12 400 M~" cm™ at 400 nm, €= 9100 M~ cm™" at 500 nm; Ir2,
£=2000 M~' cm™" at 400 nm).

Cell Culture and MTT Assay: Hela cells were cultured in Dulbecco’s
modified eagle medium (DMEM) supplemented with 10% FBS, 100 U
of penicillin, and 100 pg mL™" streptomycin in a humidified incubator at
37 °C and 5% CO,. The in vitro cytotoxicity toward HelLa was measured
using the methyl thiazolyl tetrazolium (MTT, Beyotime) assay. Briefly,
cells growing in log phase were seeded into 96-well cell culture plate at
1 % 10* per well. P3 was added to the wells of the treatment group at
concentrations of 0.05, 0.1, 0.2, 0.4, and 0.8 mg mL™". The cells were
incubated for 24 h at 25 °C under 5% CO,. The MTT (5 mg mL™") in PBS
solution was added to each well, and incubated for another 4 h. After
removal of the culture solution, 200 yL DMSO was added to each well,
shaking for 10 min at shaking table. An enzyme-linked immunosorbent
assay reader (BioTek Instruments, Rower Wave XS2) was used to
measure the OD570 (Absorbance value) of each well referenced at
570 nm. The following formula was used to calculate the viability of cell
growth:

mean of absorbance value of treatment group/

Viability () = (mean of absorbance value of control

jx]OO

Luminescence Imaging: Hela cells used for imaging were first
incubated in culture dishes until their adherence. The cells were washed
with PBS three times and then incubated with P3 0.01 w/v% in in serum-
free DMEM for 2 h at 25 °C and 5% CO,. Cell imaging experiments were
then performed after the cells were washed and covered with 1 mL
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PBS in the culture dishes for imaging. The zebrafish larvae (120 hpf)
were purchased from Model Animal Research Center of Nanjing
University. All the zebrafish larvae experiments were carried out in
accordance with the relevant laws and the guidelines of Institutional
Animal Care and Use Committee. Femtojet (Eppendorf) controlled by
a micromanipulator (Eppendorf) was used for microinjection. P3 was
dissolved in an aqueous solution (1 w/v%) and the solution was filtered
using an Ultrafree-MC (Millipore) and microinjected into the zebrafish
with a glass capillary needle Femtotips Il (Eppendorf). The volume of
the injected solution was estimated to be 1 pL.

Luminescence imaging was performed with an Olympus IX81 laser
scanning confocal microscope, a 40 x objective lens for cells and a 4 x
objective lens for zebrafish. Organisms containing the P3 were excited
at 405 nm with a semiconductor laser, and the emission was measured
according to the spectral data. The images were accomplished using
the software package provided by Olympus instruments. After each
temperature change, we waited for about 15 min before starting a new
measurement to ensure thermal equilibration.

PLIM and TGLI techniques were adopted on the platform afforded
by Olympus IX81 laser scanning confocal microscope and PicoQuant
Company. The objective lens was 40x and the frequency was 0.5 MHz
for P3. Phosphorescence was excited with 405 nm light, the emission
was collected through a bandpass filter (482 + 35 nm). The correlative
calculations of the data were carried out with the software provided by
PicoQuant.

Calibration Curve and Temperature Resolution: The calibration curve for
thermometry with P3 was obtained by approximating the relationship
between averaged ratio of phosphorescence intensity at 470 and 590 nm
(n=9) and temperature to the sextuple polynomial (with Microsoft Excel
2010, R? = 0.9999, 16 °C< T <38 °C, Equation (1))

R(T)=2.4966x107°T®—2.2065x107°T> + 2.9628 x 10~4T* .
—1.6756x1072T3 + 0.4709T 2 — 6.3780T +33.1449 M
where T and R (T) represent temperature in Celsius and ratio of
phosphorescence intensity at 470 nm and 590 nm at T °C, respectively.
The temperature resolution®¥ (8T) of DDPT can be generally
evaluated by using Equation (2).

6T = (g—;) SR @

where dT/dR and OR represent the inverse of the slope in the ratio—
temperature diagram and the standard deviation of the ratio of
phosphorescence intensity, respectively.

In this system, dT/dR was obtained by differentiating the polynomial
R(T) (Equation (1)) and OR was calculated with the following
Equation (3) as the averaged difference between R(T) and the ratio of
phosphorescence intensity experimentally acquired

s IR,-(T”>—R<T)\ )

where n and Ri(T) imply the test number and the ratio of
phosphorescence intensity at T °C, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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