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used for heating and cooling. There are 
three main kinds of thermometers used to 
measure T, viz. (1) instrumentation based 
on the thermal expansion of materials; 
(2) thermocouples based on the Seebeck 
effect; and (3) optical sensors. Compared 
to other thermometers, optical sensors 
possess obvious advantages over thermo-
couples or liquid-filled thermometers.[2] 
These include (a) remote signal readout 
(thereby enabling noncontact sensing); (b) 
the option to fabricate nanodimensional 
devices capable of sensing T in objects 
smaller than 10 μm; and (c) imaging of 
the spatial distributions of T with down to 
μm resolution even over large areas.[3]

The state of the art in fluorescent 
probes and sensors for T has recently been 
reviewed.[4] Despite the large number of 
known luminescent probes, there is still 
a need of sensors for T that not only can 

be excited in the near infrared (NIR) biological window but also 
exhibit proper sensitivity and resolution in the physiological 
range. To the best of our knowledge, europium β-diketone che-
late complexes possess the highest sensitivity and resolution in 
this range because of their very long luminescence lifetimes 
(in the range from hundreds of μs to even 1 ms; the detailed 

A strongly fluorescent organic semiconducting polymer doped with a highly 
temperature dependent fluorescent europium(III) complex is converted into a 
nanosized material that is capable of optically sensing temperature (T) in the 
range from 0 to 50 °C via two-photon excitation at 720 nm. The nanosensors 
are prepared from a blue-fluorescent polyfluorene that acts as both a light-
harvesting antenna (to capture two-photon energy) and an energy donor in a 
fluorescence resonance energy transfer (FRET) system. The photonic energy 
absorbed by the polymer is transferred to the T-sensitive red-luminescent 
europium complex contained in the nanoparticles. The close spatial proximity 
of the donor and the acceptor warrants efficient FRET. A poly(ethylene glycol)-
co-poly(propylene oxide) block copolymer is also added to render the particles 
biocompatible. It is shown that T can be calculated from a) the intensity of 
the luminescence of the europium complex, b) the ratio of the intensities of 
the red and blue luminescence, or c) the T-dependent luminescence lifetime 
of the Eu(III) complex.
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1. Introduction

Temperature (T) probably is the most fundamental parameter 
in science and technology.[1] Respective sensors are widely used 
in daily life, industry, medicine, biology, climate and marine sci-
ence, aerodynamics and meteorology, and in numerous devices 
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relationship between sensitivity and lifetime can be found in the 
Supporting Information).[5] However, these materials can only 
be excited in the UV or blue part of the spectrum which com-
promises biomedical applications due to the strong autofluores-
cence and short penetration depth of tissue at such wavelengths.

Longwave excitation is an alternative, and two methods are 
particularly attractive. The first involves twophoton excitation 
(2-PE; described here), the other is making use of upconver-
sion materials.[6] Both work at wavelengths above 700 nm. How-
ever, the 980 nm line that is often used in case of upconversion 
materials coincides with the NIR absorption band of water. 
This compromises the penetration depth of excitation light for 
optical imaging of biological (mainly aqueous) samples. The 
2-PE method offers a wider excitation range and this can prevent 
overlap with water absorption bands which—in turn—results 
in deeper penetration depths. Two-photon excitation bioim-
aging (of cells and of biomolecules inside cells) has been shown 
to offer numerous advantages over conventional methods 
albeit at the expense of simplicity.[5a,7] However, the T-sensitive 
Eu(III) probes with their β-diketone ligands have only limited 
two-photon absorption (2-PA) coefficients per molecule, typi-
cally less than 200 Goeppert-Mayer (GM) units[8] (where 1 GM 
equals 10−50 cm4 s photon−1). This requires the use of high-
power pulsed NIR lasers to generate excited states. This not only 
causes a local perturbation of T in the region of interest but may 
also induce sample damage. The design and synthesis of ligands 
with large 2-PA coefficients is notoriously difficult.

In order to solve this problem, we are presenting here a 
new kind of nanomaterial that can be excited at wavelengths 
of >700 nm to induce two-photon excitation and exhibits high 
sensitivity to T change at the same time. The nanomaterial pre-
sented here consists of a semiconducting fluorescent polymer 
(SCFP) that was converted to nanoparticles. It further acts as a 
nanocontainer for a highly T-sensitive europium(III) complex. 
The SCFPs are efficiently capturing energy by a two-photon pro-
cess and are capable of transferring it to the Eu(III) complex  
(the acceptor). Because of the close spatial proximity between the 
SCFP and the acceptor, energy transfer is very efficient. Under 
two-photon excitation, the nanosensor displayed two emission 
wavelengths which can be used for ratiometric T-sensing. Such 
sensor materials may find applications both in sensor film for 
planar sensing of T in biomedical imaging and in sensing of 
T at a cellular level. Especially, planar sensor systems based on 
these materials can not only overcome the interference from 
strong background luminescence caused by short-wavelength 
excitation but also possess good uniformity and high spatial 
resolution for ratiometric temperature sensing because the ref-
erence and T-sensitive emissions originate from the same par-
ticle (see Figure S1, Supporting Information). Besides, the long 
luminescent lifetime of the Eu(III) complex also enables T to be 
measured and imaged via lifetime measurements.

2. Results and Discussions

2.1. Probes and Materials

SCFPs form an interesting class of functional polymers that 
have found large scale applications in light-emitting devices and 

organic solar cells.[9] Organic SCFPs possess a fully conjugated 
π-electron system and, depending on their chemical structures 
and dopants, can display various colors in emission. Certain 
europium complexes with polyfluorene display thermochromism 
under conventional photoexcitation.[10] Woodward et al.[11] have 
shown that two-photon sensitized visible and near-IR lumines-
cence of several lanthanide complexes can be induced by using 
a polyfluorene-based donor–π-acceptor diketonate. We antici-
pated that the SCFP used in this work (a polymeric fluorene, see 
Figure 1a) with its strong absorbance (peaking at 350 nm), bright 
blue fluorescence (peaking at 412 nm; with a longwave shoulder 
that extends to >500 nm), and high quantum yield may serve 
as light-harvesting antenna and as an energy donor in a fluores-
cence resonance energy transfer (FRET) system. When doped 
with a suitable Eu(III) β-diketone complexe, the excitonic energy 
should be transferred from the polymer to the T probe. The 
T-dependent luminescence of the europium complex may then 
be used to determine T. Energy transfer was expected to occur 
even at low concentrations of the europium probe because the  
whole polymer particle is acting as the light-harvesting antenna 
and excitons can migrate over distances exceeding 10 nm. The 
SCFP chosen here displays a 2-PA coefficient of ≈105 GM at 
720 nm[12] which is almost 1000 times that of the β-diketone 
ligand in the Eu(III) probe whose structure is also shown in 
Figure 1a. This is a most welcome effect because it paves the 
way to design of sensors that do not require photoexcitation in 
the UV where background luminescence of biomatter can be 
stronger than the signal of the sensor particle itself.

The fluorescent polymers can be fairly easily converted 
into “polymer dots” via the precipitation method,[13] and the 
resulting nanodots have been shown to be viable materials 
for purposes of sensing[14] and cellular imaging.[15] A poly-
fluorene-based SCFP was also demonstrated[16] to undergo 
frequency upconversion on excitation to the red of the 0-0 
luminescence band. Its T-dependent emission intensity was 
exploited to measure the T of organic light-emitting diodes. The 
europium(III) complex of the 1-(2-thienyl)-3-(3-thienyl)propane-
1,3-dione shown in Figure 1 was chosen as a probe for T due 
to its good brightness and sensitivity to T (defined as the signal 
change ΔS/ΔT).[17] It has a rather sharp excitation peak centered 
at 421 nm (Figure 1b) which almost perfectly matches the emis-
sion of the blue-fluorescent polymer with its peak at 412 nm. 
Its luminescence lifetime (218 μs at 283 K) is long enough to be 
determined with affordable instrumentation. Gated fluorometry 
is another option offered by this probe and can assist in sup-
pressing short-lived background fluorescence.[18]

The europium complex is doped into the polymer dots by 
coprecipitation with the SCFP and the biocompatible polymer 
Pluronic F-127 to form T-sensitive nanoparticles. These, upon 
excitation with 720 nm light, exhibit strong red and blue fluo-
rescence, the ratio of which serves as the analytical informa-
tion for sensing T. In this scheme (outlined in Figure 1), NIR 
energy that is captured by the polymer dots is transferred to the 
europium complex contained in its interior. The luminescence 
quantum efficiency and radiative lifetime of the europium 
probe strongly depend on T, thus enabling optical sensing of 
T by measurement of either its intensity or its lifetime. In addi-
tion to NIR excitation, the use of the polymer dots described 
here has the additional features of better brightness and 
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quantum yield compared to conventional silica nanoparticles 
where fluorophores are prone to self-quenching[19] and where 
shortwave (if not UV) photoexcitation is required.

Pluronic F-127 was added to the sensor material in order 
to modify the surface of the NPs with nonionic poly(ethylene 
glycol) (PEG) groups. Pluronic F-127 is a nonionic surfactant 
triblock copolymer composed of a central hydrophobic chain of 
poly(propylene oxide) flanked by two hydrophilic chains of PEG. 
Its molecular weight is ≈12 500 Da. Coprecipitation of the fluo-
rescent polymer with Pluronic F-127 also was found to prevent 
aggregation of the nanoparticles. Finally, surface modification 
with PEG groups is known to improve the biocompatibility of 
particles and reduce nonspecific adsorption of proteins.[20] This 
may pave the way to applications in biosciences. The coprecipi-
tation approach also offers the option for later modification of 
the surface with other functional groups.[15c]

The method described here for the preparation of the nanosen-
sors is simple and straightforward. It takes less than a minute to 
obtain the product. First, the SCFP, Pluronic and the europium 
complex are dissolved in tetrahydrofuran (THF). The lumines-
cence of this solution is blue under UV excitation as shown in 
Figure 1c left. Polymer NPs are then formed by injecting this 

solution into water under ultrasonication. Dynamic light scat-
tering measurements (see Figure S2, Supporting Information) 
revealed the particles to possess uniform size distribution with 
an average diameter of 102 ± 10 nm. The transmission electron 
microscopic image (Figure S3, Supporting Information) shows 
that the particles possess spherical morphology. Upon pre-
cipitation, the color of luminescence switches from blue to red  
(see Figure 1c right). This was to be expected because the average 
distance of donor and acceptor molecules in THF solution is too 
large for efficient FRET to occur. Hence, emission is only due to 
direct radiative decay of the excitons of the polymer. However, 
once the sensor NPs are formed, the europium probe located 
inside the polymer dots is in tight contact to the polymer and can 
be electronically excited by energy transfer so that its red emis-
sion is observed.

2.2. Response of the Nanosensors to Temperature

To probe the spectroscopic signatures of the NPs in a con-
trolled T environment, they were drop cast onto a clear poly-
urethane (type D4) film and mounted to the cold finger of a 
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Figure 1. a) Materials and mechanism of the FRET-based nanosensor for T. The SCFP (blue fluorescence) and the europium(III) complex of the 
1-(2-thienyl)-3-(3-thienyl)propane-1,3-dione with its red fluorescence are coprecipitated from a THF solution containing Pluronic F-127 to form sensor 
nanoparticles. Light of wavelength 720 nm is first absorbed (by 2-PA) by the fluorescent polymer dots, and excitation energy is then transferred to the 
europium complex whose red emission is sensitive to T. b) Absorption spectra (dashed curve) and emission spectra (solid curve) of the SCFP (blue 
color) and the europium(III) complex (red color). c) The apparent colors of solutions of the nanoparticles under UV excitation before (left; blue color; 
no FRET) and after precipitation (right; red color; FRET) in water.
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vacuum-insulated cryostat system. Luminescence was excited 
through a window of the cryostat using an ultrashort-pulse 
laser emitting 72 fs pulses at a wavelength of 720 nm and a 
repetition rate of 80 MHz at an oblique angle of incidence of 
roughly 70° with only weak focusing. Emission was detected 
via a separate microscope objective (with a numerical aperture 
(NA) of 0.60) and a grating spectrometer coupled to a cooled 
back-illuminated charged-coupled device (CCD) camera.

Figure 2a shows the normalized (to the blue emission at 
420 nm) emission spectra of the sensor material at various Ts 
between 270 and 320 K when irradiated by ≈25 μW μm−2. Two 
bands are evident. The blue band originates from the SCFP, 
while the red band peaking at 612 nm can be assigned to 
the europium(III) probe. Both the blue and the red emission 
decrease with increasing T, but the sensitivity of the europium 
complex is much higher than that of the polymer (also see 
Figure S4, Supporting Information). The ratio between red and 
blue emission decreases linearly with T as shown in Figure 2b. 
Normalized to 275 K, the ratio changes from 1.1 at 270 K to 
0.2 at 320 K with a slope of –0.0182(3) K−1, and the measure-
ment uncertainty is 0.0003. The corresponding T-coefficient is 
1.6% K−1. This implies a lower sensitivity than in case of some 
β-diketonate complexes in polymer sensor films[17] and the 
result of slight quenching of the reference signal by T which 
reduces the magnitude of ratiometric signal changes. On the 
other hand, ratiometric sensing is by far preferred over nonra-
tiometric methods because the signals are much more robust 
and sensing of T is more precise. However, if ΔS/ΔT > 1% K−1, 
sensitivity is good enough for sensing T in the most impor-
tant physiology range. The response of both the blue and the 
red emission is fully reversible as can be seen in Figure S5 

(Supporting Information). In addition, both the blue and the red 
luminescence are bright enough to enable ratiometric sensing 
(known to be more robust than single-wavelength data analysis) 
using either spectrometry or photographic techniques.

2.3. Two-Photon Excitation of the Nanosensors

Emission was also studied as a function of laser power over two 
orders of magnitude. Figure 3a shows that both the blue polymer 
emission and the red europium complex emission increase lin-
early with the square of the laser power. This is consistent with 
(and proof for) the 2-PE mechanism. The lowest irradiation 
intensities correspond to an areal power density of less than 
2 μW μm−². They are only limited by our detection scheme of 
taking full-resolution spectra with 5 s integration time per data 
point. It is expected that useful irradiation intensities can be 
reduced at least one order of magnitude towards lower values in 
photographic (red-green-blue; RGB) detection schemes lacking 
the inherent inefficiency of spectrally resolved setups and 
employing a high-NA microscope objective. The ratio of the (red)  
europium complex emission to the (blue) polymer emission is 
independent of the laser power up to about 20 mW, above which 
some saturation of the europium emission sets in (see Figure 3b).  
Here, saturation effects cannot be easily distinguished from 
sample heating and degradation that leads to irreversibility when 
subjecting the sample to higher irradiation levels.

Multiphoton excitation spectra were acquired over the 
720–950 nm range and are shown in Figure 4. Excitation 
spectra measured for the blue polymer emission and the red 
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Figure 2. a) Normalized (to the blue emission at 420 nm) T-dependent 
emission spectra of the FRET-based nanosensor material following two-
photon excitation of the SCFP at 720 nm. The method for normalization 
over a certain spectral range is explained in Figure S2 (Supporting Infor-
mation). b) Ratio of the europium complex emission and the polymer 
emission as a function of T. Data points are normalized to a ratio of 
1.00 at 275 K and shown for three consecutive T sweeps.

Figure 3. a) Emission intensity of polymer (blue) and europium com-
plex (red) as a function of irradiation power for 720 nm excitation. Data 
points for both up- and down-sweep are shown. The straight dashed 
line is a guide to the eye of slope 2, corresponding to a square power 
dependence. b) Normalized ratio of (red) europium complex emission 
to (blue) polymer emission. Up- and down-sweeps are marked by arrows; 
the dashed line is a guide to the eye. Experimental errors (detector noise 
standard deviation) are indicated only when error bars are larger than the 
corresponding data points.
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europium emission in the sensor NPs fully coincide. This is 
a reliable indicator of the dominant energy-transfer excitation 
of the europium complex. The polymer can be excited at any 
wavelength in the tested NIR range, with a step response at 
824 nm corresponding to the 412 nm one-photon absorption 
edge, presumably due to reduced validity of dipole selection 
rules in the polymer. Excitation strongly increased at the lower 
limit of the wavelength range, indicating the existence of a 
symmetry-allowed two-photon transition at wavelengths below 
720 nm. Such behavior is in line with two-photon excitation 
properties of similar conjugated polymers, where the first two-
photon allowed transition is found at photon energies of more 
than 0.6 eV above the lowest-energy one-photon transition.[21]

Such nanosized sensor materials have a great potential in terms 
of sensing T within biological tissue. We therefore have tested 
the biocompatibility of the nanosensors. A PrestoBlue assay with 
normal rat kidney cells revealed the nanosensors to be nontoxic 
even in concentrations up to 0.5 mg mL−1 as shown in Figure S6 
(Supporting Information). The surface PEGylation is believed to 
account for this as it reduces intracellular uptake. The nanosen-
sors were also found to be photostable for more than 1 h under 
conditions of continuous excitation (see Figure S7, Supporting 
Information), thus enabling long-term continuous sensing of T.

3. Conclusion and Perspectives

In summary, a simple and straightforward approach is pre-
sented for the design of FRET-based two-photon excitable 
nanosensors for T. The polymer nanodots act both as a 

light-harvesting antenna (to capture two-photon energy) and as 
an energy donor in a FRET system. The absorbed energy is then 
transferred to a T-sensitive probe contained in the polymer dots. 
The sensor dots possess high fluorescence quantum yield and 
two-photon absorption efficiency. The fluorescent polymer and 
the probe are in close spatial proximity inside the nanoparticle 
so that efficient FRET can occur upon pulsed laser excitation 
at 720 nm which is in the so-called optical window of various 
kinds of biomatter. The red luminescence of the europium 
probe in the dots enables sensing of T by measuring either 
intensity or lifetime (Figure S8, Supporting Information). The 
presence of two emissions (with different dependencies on T)  
paves the way to ratiometric sensing and may lead, in future, 
to ratiometric imaging. The preparation of the nanosensors is 
simple and straightforward. The surface chemistry of the finally 
material may be further tuned by changing the functional 
polymer during the coprecipitation step. This will facilitate the 
design of nanosensors with functional groups, optimized bio-
compatibility, and targeting capability[22] for in vivo applications 
in future. The small size of the nanosensors endows them with 
the capability to measure parameters in places that are inacces-
sible by the other means, such as in microfluidic devices.[23] The 
sensing scheme presented here is believed to be of wide scope 
because other SCFPs may be combined with various other indi-
cator probes so as to end up with other kinds of sensor NPs 
based on FRET and/or two-photon excitation.

4. Experimental Section
Preparation of FRET-Based T nanosensor: The nanosensors were 

prepared via a one-pot precipitation approach, and prepared 
freshly before use. Typically, a solution of conjugated fluorescent 
polymer ADS 145UV (400 μL, 2.0 mg mL−1) in THF [a polymeric 
(9,9-dihexylfluorenyl-2,7-diyl)-co-(2,5-p-xylene) obtained from 
American Dye Sources; www.adsdyes.com] was added into a 
solution of THF containing Pluronic F-127 (80 μL, 1.0 mg mL−1) 
(Sigma-Aldrich; www.sigmaaldrich.com). The blend solution was 
mixed with a solution of the europium complex of 1-(2-thienyl)-3-
(3-thienyl)propane-1,3-dione (prepared according to literature[17]) 
in THF (100 μL, 2.0 mg mL−1), and the volume of the mixture was 
then adjusted to 2.0 mL by addition of THF. The mixture was then 
shaken for 2 min to obtain a homogenous transparent solution. Then, 
the mixture was injected into doubly distilled water (8.0 mL) using 
a syringe in an ultrasonic water bath. The solution turned slightly 
opaque which proved the formation of colloidal NPs. Finally, most 
organic solvent in the suspension of the nanosensors was removed 
using a rotary evaporator at a reduced pressure of 115 mbar at 20 °C. 
The suspension was further filtered through a 0.8 μm Whatman filter 
paper to give the final material.

Instrumentation: Photoexcitation was performed with a laser system 
(Newport SpectraPhysics MaiTai) providing 72 fs pulses at a repetition 
rate of nominally 80 MHz in the spectral range of 720–950 nm. The 
excitation beam was polarized in the s-plane with respect to the sample 
and impinged on the sample at an oblique angle of 70° from the surface 
normal. It was mildly focused through the front window of a cold-finger 
helium cryostat system (Janis; www.janis.com). Samples were mounted 
to and cooled through the cold finger of the cryostat while vacuum in the 
sample space provided thermal insulation. Temperature control of the 
sample was provided through a temperature controller (Lakeshore; www.
lakeshore.com), silicon diode temperature sensor and resistive heater 
acting on the cryostat cold finger. The sample emission was collected 
in the surface normal direction by a microscope objective (Olympus; 
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Figure 4. a) Normalized two-photon excitation spectra for the blue fluo-
rescence of the polymer in the FRET-based nanosensors (blue line), for the 
red emission of the europium probe in the FRET-based nanosensors (red 
line), and for the red emission of the europium complex in the absence of 
the fluorescent polymer at high concentration (≈100 times) of europium 
complexes (red dashed line). Data were acquired under conditions of con-
stant photon flux and corresponding to an areal irradiation power density 
of ≈23 μW μm−2 at 800 nm, and spectra were normalized to their respec-
tive values at an excitation wavelength of 800 nm. b) Plot showing that the 
ratio of red-to-blue emission is independent of the excitation wavelength. 
Slight saturation of europium emission somewhat impacts the ratio at the 
shorter wavelengths. At wavelengths above 830 nm, measurement errors 
are too large for precise determination of the ratio.
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www.olympus-global.com/en/) with a numerical aperture of 0.6 and 
a working distance of 3.5 mm, and images were acquired through the 
input slit of a grating spectrometer (300 mm focal length, 150 g mm−1 
grating) coupled to a cooled back-illuminated CCD camera (both from 
Princeton Instruments; www.princetoninstruments.com). Dynamic 
light scattering data were acquired with a Malvern Zetasizer Nano ZS 
(Malvern; www.malvern.com).

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