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ABSTRACT 

 
A realistic temperature sensing alternative for life-

science objects could be the process of triplet-triplet 
annihilation upconversion in water environment (TTA – 
UC): It is inherently micro-scale sensing techniques – the 
sensing function is carried out by ensembles of organic 
macromolecules. The TTA – sensing function is performed 
in all-optical regime. The sensing properties and the 
efficiency of the process of TTA–UC do not depend on the 
coherence characteristics of the used light. For bio-
applications it is important to ensure, that the sensing light 
does not interact with the sample. The process of TTA–UC 
in water environment demonstrates well expressed 
ratiometric response on the sample temperature.  

 
Keywords: temperature sensing, all-optical and non-
invasive method, ratiometric response, triplet-triplet 
annihilation, metallated macrocycles.  
 

1 INTRODUCTION  
 

The biological reactions responsible for cellular functions 
occur either exothermically or endothermically at particular 
locations within a cell’s organelles. Therefore, cellular 
functions, such as cell metabolism, cell division and gene 
expression [1] are fundamentally co-regulated by 
intracellular temperature distribution. In ideal case, the 
intracellular thermometry could determine an intrinsic 
relationship between the temperature and organelle 
function. 

The bright pallet of thermal sensing techniques 
developed up to now for the purposes of the soft matter 
studies are not directly applicable: Scanning thermal 
microscope technique [2] (SThM) delivers quantitative data 
for the lateral thermal distribution with ultra high spatial 
resolution. Despite the rapid progress in the field of SThM, 
there are [3] a severe problems remaining, namely: the role 
of near-field radiation in tip-sample heat transfer, especially 
in a vacuum environment; the propagation of phonons and 
electrons through a point contact that is on the order of their 
wavelength; the dependence of the tip-sample thermal 
resistance on surface topography. As a consequence, a 
topography-related artifact [3] in thermal images still 
remains a problem. The time-domain thermo reflectance 

method [4] (TDTR) has a high temporal sensitivity, but it is 
inherently limited only to metallic samples, or samples 
which can be coated with a thin metal film. The direct 
imaging with infrared cameras [5] has a natural limitation 
of the spatial resolution (until about 1.1µm even used in 
confocal geometry) caused from the used wavelengths from 
the infrared region and the intrinsic sensitivity of the 
method. Small temperature differences, in order of 1/10 K 
cannot be measured by direct imaging with infrared 
cameras [5].   

The scaling-down problems are considerably 
demonstrated in life-science objects, where the 
characteristic lateral dimensions are in sub-micrometer 
length scales (~ n× 10-6 m) and having specific sample 
volume in the range of picolitters (~n×10-15 m3). The direct 
quantitative sensing of the local temperature is still a 
considerable technological issue. The challenge for getting 
quantitative information about the local temperature 
distribution increases drastically when the cells are included 
in multilayer structures or they are heated locally. Besides 
the scaling-down problematic of the sensing techniques, the 
necessity of non-invasive measurement tools becomes 
imperative, when life-science samples are studied.  

The effect of the presence of ytterbium (Yb3+) on the 
upconversion emission of erbium (Er3+) in yttrium silicate 
crystalline ceramic powders and its dependence on the 
temperature range of 300–600 K was reported in [6]. The 
optical excitation power ranges between 50 mW and 500 
mW at  = 975 nm. The temperature dependence of the UC 
luminescence from Er(Tm)-Yb-Mo systems was used for 
temperature sensing and in vivo imaging [7], however, the 
used excitation intensity was in order of 20 Wcm-2 
demonstrating low intensity of the information signal ~ 
4×10-4 (UC-quantum yield). Light with such high intensities 
influence the studied life-science object indeed. A thermal 
nanoprobe based on green fluorescent proteins was found 
suited for intracellular temperature mapping [8]. 
Temperature probing is achieved by monitoring the 
fluorescence polarization anisotropy of green fluorescent 
proteins. The heat delivery was monitored by photothermal 
heating of gold nanorods surrounding the cells. A spatial 
resolution of 300 nm and a temperature accuracy of about 
0.4 °C were achieved. Nanothermometer, based on the 
temperature-sensitive fluorescence of NaYF4:Er3+, Yb3+ 
nanoparticles, where the intensity ratio of the green 
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fluorescence bands of the Er3+ dopant ions (2H11/2→
4I15/2 

and 4S3/2→
4I15/2) changes with temperature was 

demonstrated in [9]. Intracellular temperature mapping 
based on a fluorescent polymeric thermometer and 
fluorescence lifetime imaging microscopy was 
demonstrated in [10] by introducing a foreign object, 
namely polymeric moiety into the cell cytoplasm. 
Nevertheless, despite the important contributions to 
biological and medical applications that it would offer, 
unambiguous non-invasive intracellular temperature 
mapping has not been achieved.  

 
2 MATERIALS AND METHODS  

 
The process of triplet-triplet annihilation assisted photon 

upconversion in organic multi-component system (TTA –
UC) attracted recently much attention. The process of TTA 
– UC incorporates a chain of mutually complementary 
processes – inter system crossing (ISC), triplet-triplet 
transfer (TTT), triplet-triplet annihilation (TTA) and 
consequent emitter delayed fluorescence, [11-13]), all of 
them with particular efficiency (ISC, TTT, TTA and F, 

respectively). The energetic schema of the process of TTA 
– UC in a two-component molecular system is shown in 
Figure 1:  

 
 

Figure 1: Energetic schema of the process of TTA – UC 
two-component organic system. Inset: Structures of the 
used sensitizer molecule – meso-Tetraphenyl-
tetrabenzoporphyrin Palladium (PdTBP) and emitter – 3,10-
Bis(4-tert-butylphenyl) Dibenz[de,kl]anthracene (BTP).  

 
The value of the TTA – UC quantum yield (independent of 
its particular definition) is an integral parameter.  

FTTATTTISCUCTTA                 (1) 

The process of TTA – UC was studied in organic solvents 
[11-13], but replacing of the organic solvent by an aqueous 
medium would enable a cluster of unique applications in 
the fields of material- and life-science. Recently, our group 
demonstrated efficient solubilization of the hydrophobic 
UC – active substances by using amphyphylic block-
copolymers from the family of polyoxyethanyl α-

tocopheryl sebacate (PTS) as a surfactant [14]. The 
chemical structure of PTS is presented in Figure 2.  

 
Figure 2: Structures of the: (a) – polyoxyethanyl α-
tocopheryl sebacate (PTS). 

 
Figure 3: Dependence of the size of micelles (filled circles) 
on the PTS concentration.  
 
This surfactant forms spherical micelles with diameter on 
the order of 30-35 nm which possess high capacity for 
loading strongly hydrophobic materials. The PTS 
demonstrated very high biocompatibility [15]: usually, this 
surfactant is used by the cosmetic industry to carry Q10 - 
coenzyme in human skin. 
 

3 RESULTS AND DISCUSSION 
 

Surpassingly for us, by performing the optimisation 
procedure with main target to increase the TTA – UC 
quantum yield remarkably pronounced dependence of the 
TTA – UC delayed fluorescence on the sample temperature 
was found.  
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Figure 4: Dependence of the luminescence spectra of the 
UC – system: PdTBP / BTP / PTS in water environment on 
the sample temperature. The concentrations of the active 
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materials are, as follows, 1×10-5 M/ 2×10-4 M / 5 % wt in 
water. The excitation intensity is kept constant, 10 mWcm-2 
for all measurements, cw – diode laser 635 nm 
 
As seen in Figure 4, for a temperature interval of 24 degree, 
the UC-delayed fluorescence is increased more than 5 
times. Simultaneously, the residual sensitizer 
phosphorescence is reduced more than 2 times. For 
temperatures higher than T = 41°C the non-ionic surfactant 
PTS is unstable, and the solution becomes turbid. The TTA 
– UC system PdTBP / BTP / PTS in water environment is 
well suited for life-science targeted temperature sensing, 
because the temperature interval is biologically important. 
The results reported are summarized on Figure 5.   

 
Figure 5: Dependence of the integral UC – fluorescence 
and the residual sensitizer phosphorescence on the sample 
temperature. UC – fluorescence (black squares) and 
sensitizer phosphorescence (red squares) at increasing 
sample temperature. UC – fluorescence (blue filled circles) 
and sensitizer phosphorescence (dark red filled circles) at 
decreasing sample temperature.  

 

Figure 6: Temperature calibration curve: ratiometric 
response.  

 
Es evident from Figure 5, if the temperature of surfactant 
instability is not exceeded the system PdTBP / BTP / PTS 

in water demonstrates no hysteresis, and perfect 
reversibility can be achieved.  

On Figure 6 a well expressed ratiometric response on 
the sample temperature is established. It has to be pointed 
out, the outstanding sensitivity to small temperature 
changes, demonstrated by the TTA -UC system: the ratio of 
integral delayed fluorescence signal to the residual 
phosphorescence signal is changed more than 11 times for 
the temperature interval of 24 K, centered at 30 °Celsius. 
Such a strong temperature change ensures temperature 
sensitivity better than 0.1 K.  

The working hypothesis, giving a physical description 
of the experimentally observed phenomenon of temperature 
dependence of the TTA – UC efficiency in optically excited 
organic ensembles, is the follow: at increased sample 
temperature, the viscosity of the optically inactive tenside 
matrix, where the active molecules are dispersed is 
decreased. The lower viscosity leads to increase of the local 
mobility of the dispersed molecules, and the required 
optimal steric alignment of the participating molecules for 
the process of TTA – UC is reached faster. Therefore, the 
signal directly related to the process of TTA – UC, namely 
the delayed fluorescence signal grows remarkably.  

This working hypothesis explains successfully, why in 
the boundary cases regarding the viscosity of the matrix – 
with vanishing viscosity (organic solutions) or with infinite 
viscosity (macromolecular organic crystals) – the efficiency 
of the TTA – process (and therefore, the delayed 
fluorescence) does not depend on the sample temperature. 
In the first case, the viscosity is so low (for instance, 
toluene), that it can not be decreased in reasonable amount, 
but at the second case remains huge, independent on the 
sample temperature. 

Metallated macrocycles (MM) such as porphyrins and 
phthalocyanines are known as efficient phosphorescent 
emitters [16, 17]. The dependence of the integral 
phosphorescence emission or the decay time of the 
phosphorescence is widely used as a thermal or oxygen 
sensor [16, 17]. The sensing process includes optical 
excitation of the MM molecule and registration of the 
decreased phosphorescence or phosphorescence decay time 
as a function of the increased sample temperature or oxygen 
content [18].  

The main experimental drawback of this sensing 
technique is that the phosphorescence emission is an 
integral parameter, depending on series of experimental 
parameters, many of them hardly controllable, such as: 
local changes of the molecular concentration, local 
variation of the sensing layer thickness and instability of the 
probing laser intensity. All those experimental parameters 
are interconnected through their dependence on the 
excitation light intensity.  

The proposed process has four crucial advantages: First, 
it is inherently micro-scale sensing techniques – the sensing 
function is carried out by ensembles of organic 
(organometallic) macromolecules. Therefore, the mass and 
the heat capacity of the sensor itself are comparable or 
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significantly lower than the mass and heat capacity of the 
micro-scale sample.  

Second, the TTA – sensing function is performed in all-
optical regime – the mechanical contact (even in near-field 
meaning) is not obligatory. Furthermore, the optical 
intensities needed are substantially low – at the level of 
10×mWcm-2. This low excitation intensity keeps the 
radiation stress on the living tissue at an acceptable level.  

Third, the sensing properties and the efficiency of the 
process of TTA – UC does not depend on the coherence 
characteristics of the used light. The TTA – UC sensing 
function resolves also another short-coming of the 
conventional methods for all-optical sensing: the necessity 
to excite the samples with extremely bright optical sources 
(such like lasers). Excitation sources emitting light with 
extremely low spectral power density (down to 125µWnm-

1) can generate efficient TTA − emission. The sensing 
molecules have broad absorption spectra, in some cases 
even up to 80nm (FWHM). As a consequence, optical 
sources with flexible chosen emission wavelengths can be 
used, without any consequence on the TTA – UC emission 
spectra or TTA – UC efficiency. 

Last but not least, for bio applications it is important 
to ensure, that the sensing light does not interact with the 
sample causing unwanted light-triggered processes. Typical 
example is the triggering of oxygen-dependent reactions of 
free-radical species during the excitation of fluorescent 
proteins or dye molecules with surrounding cellular 
components [19]. An elegant solution of this problem could 
be the excitation wavelength tuning of the TTA – UC 
process used in sensing tool. If the probing light is enough 
red-shifted, than it will be not absorbed and the unwanted 
interactions will be avoided. Additionally, the absorption 
spectra of the sensitizer molecules used are broad, in some 
cases even up to  ~ 80nm (FWHM), therefore optical 
sources with various emission wavelengths can be used, 
giving flexibility in choosing the excitation wavelength 
without any consequence on the TTA-UC sensing 
properties or efficiency. Another important feature of the 
TTA−UC is the sub linear dependence of the UC – 
emission on the excitation intensity. This behavior helps to 
predict precisely the necessary radiation dose and to avoid 
unwanted optical stress of the bio-samples.  

 
4 CONCLUSION 

 
A realistic temperature sensing alternative for life-science 
objects could be the process of TTA – UC. In water 
environment this process demonstrates well expressed 
ratiometric response on the sample temperature. The ratio 
of the integral delayed fluorescence to the residual 
phosphorescence is changed more than 11 times for the 
temperature interval of 24 K, centered at 30°Celsius and 
temperature sensitivity better than 0.1 K can be achieved.   
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