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Abstract.  In the frameworks of developing ecophotonics, we con-
sider the possibility of applying luminescence spectroscopy for 
monitoring conditions of aquatic organisms, aimed at the study and 
prognosis of the effect of human activity and climate changes on the 
environment. The method of luminescence spectroscopy in combi-
nation with anti-Stokes luminophores (up-conversion particles) 
used as optical sensors is used for the noninvasive assessment of the 
temperature gradient in the internal tissues of aquatic organisms. It 
is shown that the temperature dependence of the intensity ratio 
observed in the maxima of the luminescence spectrum bands of the 
particles Y2O3 : Yb,  Er, administered in a biological object, is linear. 
This fact offers a possibility of using the up-conversion particles for 
assessing the metabolic activity of different tissues, including those 
in the framework of ecological monitoring.

Keywords: ecophotonics, up-conversion luminescent particles, lumi-
nescence spectroscopy, luminophores, environment monitoring, 
stress effect, aquatic organisms.

1. Introduction

To date more and more attention is paid to the effect of global 
climatic changes on the environment. This effect is expected 
to increase essentially in the nearest future [1, 2]. The results 
of computer simulations predict an increase in the Earth tem-
perature by 1.8 – 5 °С to 2100, which in turn will be accompa-
nied by an essential increase in local temperature variations [2].

The  enhancement of  the negative  effect  on  the  environ-
ment  facilitates  the  reduction of  stress  resistance  in aquatic 
organisms  due  to  the  activation  of  physiological  and  bio-
chemical  protection  mechanisms  in  them  [3].  In  this  case, 
there  is  a  high  risk  that  the  species with  a  broad  tolerance 
range,  which  are  more  stress-resistant,  will  force  the  less 
stress-resistant  species  out  from  their  usual  habitat.  The 
change of species composition of aquatic ecosystems disturbs 
the ecological stability, which can have unpredictable conse-
quences for the hydrologic system [4, 5].

In the course of adaptation to the habitat changes, specific 
protection  mechanisms  are  developed  in  most  freshwater 
organisms  [6 – 8].  In  the  ecosystems  of  ancient  freshwater 
lakes,  the  species dominate  that have narrow adaptation  to 
the specific conditions of the habitat and are particularly sen-
sitive to the changes associated with the global warming and 
the  rise  of  the  environment  temperature.  These  species  are 
particularly subject to the risk of local elimination or essential 
reduction of the population number. In this connection, new 
methods of diagnostics are required  [9]  for prognosis of cli-
matic change consequences, as well as for understanding the 
principles  of  protection mechanisms,  elaborated  by  aquatic 
organisms.

In  recent  years,  the  methods  of  photonics,  which  is 
one of the most interesting and rapidly growing fields of 
high technology [10], find more and more applications in 
different  spheres.  This  branch  of  science  offers  novel 
methods  of  noninvasive  diagnostics  at  the  expense  of 
acquiring  earlier  unknown  information  about  the  struc-
ture  of  the  studied medium at  a micro-  and macrolevel. 
The biophotonics offers unique possibilities  for  creating 
principally new noninvasive methods  for  the diagnostics 
of living systems with application to a wide scope of med-
ical studies. The advantages of biophotonics and numer-
ous  examples  of  using  the  optical/laser methods  for  the 
diagnostics of  living  systems are  summarised and gener-
alised, e.g., in Refs [11, 12].

In the present paper, by the example of luminescence spec-
troscopy using anti-Stokes  luminophores as optical sensors, 
we demonstrate that the application of photonics to ecologi-
cal monitoring is possible in principle. 

2. Materials and methods

The  principles  and  fundamentals  of  luminescence  spectros-
copy  are  well  known  and  thoroughly  described  by  many 
authors [13]. To observe the photoluminescence signal from 
the anti-Stokes luminophores embedded in a biological tissue, 
we  constructed  an  experimental  setup,  schematically  pre-
sented in Fig. 1.
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The luminescence of particles was excited by a semicon-
ductor ITC 4005 laser (Thorlabs, USA) at the wavelength lex = 
975 nm with a maximal pump power of 200 mW. The spectra 
of luminescence were measured at the distance 25 mm from 
the  surface  of  the  studied  biological  sample  by means  of  a 
fibre optical sensor equipped with a collimator and an optical 
FB600-10 – Æ1'' bandpass filter (Thorlabs, USA) blocking the 
radiation at the wavelength lex. The photoluminescence sig-
nals  were  recorded  by  a  CCS200  spectrometer  (Thorlabs, 
USA). The acquisition time of the detected signal amounted 
to 200 ms.

The  studies were  carried out  in  four  adult  specimens of 
decapods Caridina multidentata (Amano shrimp) in vivo. The 
aqueous  solution  of  up-conversion  particles  (5 mL with  the 
concentration  0.7  mg  mL–1)  was  administered  immediately 
before  the  experiment  into  the  front part of  the  abdominal 
cavity  filled  with  blood  (haemolymph),  the  circulation  of 
which  all  over  the  organisms  is  provided by  the  heart. For 
performing  the  experiment,  the  decapod  was  placed  in  a 
cuvette with water. The temperature t of water in the cuvette 
varied from 21 °С to 30 °С with a step 1 °С by means of the 
Peltier element equipped with a temperature control sensor. 
In all experiments we used the anti-Stokes luminophores, the 
up-conversion particles Y2O3 : Yb, Er PT660-UF (Phosphor 
Technology,  Great  Britain)  having  a  mean  size  of  1.6  mm 
(Fig. 2). To prevent the aggregation of the particles, the aque-
ous  solution  of  up-conversion  particles  was  treated  with 
ultrasound immediately before the injection.

The photoluminescence  excitation  is  schematically  illus-
trated in Fig. 3a. The Yb3+ (donor) ions possess high effective 
absorption cross section in the IR range. The Er3+ (acceptor) 
ion poorly absorbs the exciting radiation but has a large num-
ber of electronic states,  in which  the  ions can stay during a 
rather long time. Since the energy states of the acceptor ion 
are characterised by a long lifetime of metastable states, the 
donor ion can at once non-radiatively transfer the energy of 
several  absorbed  photons  to  the  acceptor.  As  a  result,  the 
donor energy increases that causes the reduction of the photo-
luminescence wavelength [14, 15]. Under the light exposure, 
the donor ion absorbs a photon and undergoes transition to 
the excited state 2F5/2 (Fig. 3a). Then the electron relaxes to 
the ground state 2F7/2 and non-radiatively transfers the energy 
to the nearest acceptor ion, which undergoes transition to the 
state 4I11/2.

Then  in  the  course of  the  energy  transfer  from Yb3+  to 
Er3+  the  transition of  the acceptor  to  the  level  4F7/2 occurs, 
followed by the non-radiative relaxation to the levels 4S3/2 and 

2H11/2. Finally, due to the transition to the ground state, the 
luminescence in the green part of the spectrum arises (Fig. 3a). 
In the case of the transition of Er3+ from the state 4F9/2 to the 
ground state the luminescence in the red spectral region arises 
[14, 15].  In  the  red region,  they usually  select  the  transition 
with a maximal intensity, rather than all luminescence bands. 
The fine structure of the green region is also presented illus-
tratively.

If the transfer of energy or the absorption by the acceptor 
ion  from  the  excited  state  occurs  during  the  time  that  is 
smaller than the lifetime of the state 4I11/2 of the Er3+ ion, then 
the  acceptor  undergoes  transition  to  the  state  4F7/2,  from 
which it non-radiatively relaxes to the state 4S3/2 and then to 
the ground state, emitting a photon in the green part of the 
spectrum. If, on the contrary,  the  lifetime of the metastable 
state 4I11/2 is smaller than the time required for the secondary 
energy transfer, then the Er3+ ion undergoes transition to the 
more long-lived state 4I13/2. In this case, the subsequent energy 
transfer from the donor will transmit the acceptor to the state 
2F9/2, from which it relaxes to the ground state with radiation 
in the red spectral region.

Thus, the radiation of up-conversion particles (Fig. 3b) in 
the green spectral region consists of five luminescence bands: 
520 – 540 nm for the level 2H11/2 (with the maxima at the wave-
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Figure 1. Schematic of the experimental setup.
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Figure 2. (a)  Microphotograph of anti-Stokes luminophores Y2O3 : Yb,Er, 
obtained by means of scanning electron microscopy and (b) the histo-
gram of particles size distribution, obtained by processing the images of 
1500 particles.
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lengths 523 and 537 nm) and 540 – 570 nm for the level 4S3/2 
(with the maxima at the wavelengths 547, 551, and 562 nm). 
The  radiation of up-conversion particles  in  the  red  spectral 
region consists of five luminescence bands with the maxima at 
653, 658, 661, 676 and 684 nm.

For quantitative analysis of temperature variations in the 
present work, we use the luminescence intensity values at the 
wavelengths l1 = 676 nm and l2 = 684 nm. The choice of the 
intensity ratio at these wavelengths is caused by the maximal 
sensitivity  to  the variation of  the environment  temperature, 
since  in  this  case  the  thermal  equilibrium of populations of 
closely spaced excited levels, described by the Boltzmann dis-
tribution, is conserved [16]:

I1(l1)/I2(l2) = Cexp(–DE/kT ),  (1)

where I1(l1)/I2(l2) is the ratio of intensity peaks in the lumi-
nescence spectrum at the wavelengths l1 and l2; C = const is 
the  normalisation  factor  determined  by  the  multiplicity  of 
degeneracy of the energy levels, the rate of spontaneous emis-
sion, and the energy of the emitted photon; DE is the energy 

gap between the two excited levels; k  is the Boltzmann con-
stant; and T is the absolute temperature. The relative change 
in the temperature is determined from the intensity ratio for 
the characteristic peaks of the luminescence of up-conversion 
particles as

ln[I1(l1)/I2(l2)] = lnC – DE/kT.  (2)

3. Results and discussion

Figure  4  presents  the  images  of  decapods  C. multidentana 
before  and  after  administration  of  up-conversion  particles. 
One can see that under irradiation of decapods with the laser 
light at the wavelength 975 nm, the luminescence signal of up-
conversion particles appears to be so strong that it is seen with 
naked eye and, in contrast to the methods of confocal fluores-
cence microscopy [17, 18], does not require special conditions 
for conducting the experiment.

Using the data presented in Fig. 5 and Eqn (2), one can 
determine the energy gap between two excited states DE. In 
our case DE = 2.6 ́  10–18 J (16.23 eV) for the particles in aque-
ous medium and 4.99 ́  10–18  J  (31.19  eV)  for  the biological 
object. The observed temperature-dependent difference of the 
luminescence spectra of up-conversion particles is due to the 
composition  of  the  studied media,  the  deionised water  and 
haemolymph of decapods, containing a wide spectrum of ions 
(mainly,  Na+  and  Cl–),  a  number  of  proteins  (mainly  the 
breathing pigment haemocyanin) and the cell components. 

Thus,  it  is  shown  that  the  temperature  gradient  in  the 
aquatic  organisms  in vivo  can  be  determined  using  the  up-
conversion particles injected in a biological object. Since the 
temperature is one of the crucial parameters for poikilother-
mic species, the temperature measurements of inner tissues of 
aquatic organisms  largely allows  the characterisation of  the 
biological  object  condition  in  real  time.  The  difference 
between the temperature of the internal tissues of the organ-
ism  and  the  temperature  of  environment  is  an  indicator  of 
metabolic activity of individual organs and the mobility activ-
ity of the entire organism. 

It is worth noting that the presented method has a number 
of essential advantages as compared to the alternative optical 
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Figure 3. (a) Energy level diagram in the system of Yb3+ and Er3+ ions 
and (b) luminescence spectra of up-conversion particles (lex = 975 nm) 
for the temperatures t = ( 1 ) 25 °С, ( 2 ) 35 °С, ( 3 ) 45 °С, and ( 4 ) 55 °С.
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Figure 4. (Colour online)  Images of C. multidentata decapods  irradi-
ated by the laser at the wavelength 975 nm (a) before and (b) after the 
injection of luminescent particles. 
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methods of estimating the stress conditions in aquatic organ-
isms [9, 17, 18]. In particular, the use of up-conversion parti-
cles,  as  already mentioned,  does  not  require  special  condi-
tions for performing the experiment, in contrast to the meth-
ods of confocal fluorescence microscopy [17, 18]. The specific 
position of the laser probing wavelength in the IR region and 
the  intensity  maxima  in  the  luminescence  spectrum  of  the 
detected signal allows the elimination of the background sig-
nal of the biotissue, in contrast to the methods of optical spec-
troscopy [9], where the background radiation is parasitic [19]. 
Besides that, although the luminophores have a high photo-
chemical stability comparable to that of quantum dots, they 
are essentially  less  toxic  [20 – 22] and possess stable narrow-
band emission under excitation in the near IR region [23]. As 
compared to the microspheres and microcapsules containing 
fluorescent dyes  [17,  18]  or quantum dots  [23],  the  lumino-
phores allow the observation of the signal in the absence of 
biotissue  autofluorescence, which  significantly  increases  the 
signal-to-noise ratio in practice. In the experiments presented 
in this paper, the signal-to-noise ratio amounted to 13.4 (l = 
561 nm, 25 °С) and 287 (l = 658 nm, 25 °С)  for  the control 
sample  (aqueous suspension of  the particles), and 11.6  (l = 
561 nm, 25 °С) and 260 (l = 658 nm, 25 °С) for the particles 
administered into the biological object. The fluorescence life-
time  of  organic  fluorophores  lies  in  the  nanosecond  range, 
while the lifetime of luminescence in the particles used by us is 
on the order of microseconds [24]. Thus, the difference in life-
time  allows  one  to  eliminate  the  signal  of  parasitic  back-
ground luminescence not only in the frequency domain, but 
also  in the time domain, which  increases  the signal-to-noise 
ratio even more. 

4. Conclusions

Thus,  by  the methods of  ecophotonics we have  studied  the 
possibility of using the luminescence spectroscopy in combi-
nation with up-conversion particles for monitoring the condi-
tion  of  aquatic  organisms  aimed  at  the  investigation  and 
prognosis of  the consequences of negative effects of human 

activity and climatic changes. The possibility of a noninvasive 
measurement  of  temperature  inside  the  decapods  in vivo  is 
demonstrated in principle, using the thermosensitive lumines-
cent  up-conversion  particles  Y2O3 : Yb,Er,  injected  into  the 
biological object (Caridina multidentata). The linear charac-
ter of the temperature dependence of the logarithm of inten-
sity ratio of peaks in the luminescence spectrum of up-conver-
sion particles  is  found. This  fact  allows  the use of  the pro-
posed method for quantitative assessment of metabolic and 
motional activity of aquatic organisms and, generally, opens 
the  prospects  of  developing  the  luminescence  spectroscopy 
methods in combination with up-conversion particles in eco-
logical applications.

Further  development  of  the  technique  proposed  in  the 
present paper, in analogy with Refs [25, 26], implies the test-
ing  of  luminescent  up-conversion  particles  as  a  relatively 
cheap sensor for noninvasive express estimate of such param-
eters, as the oxygen and the carbon dioxide content, the pH 
value, and the presence of certain bacteria and/or toxic bio-
chemical compounds. The new line of research, the ecopho-
tonics, is expected to join different branches of ecology, eco-
physiology, photonics, biology, physiology, and biochemistry 
and will facilitate the development of most promising studies 
aimed at monitoring the condition of aquatic organisms, the 
changes of which can be related to the negative consequences 
of climatic changes, enhanced by the human activity. 
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Figure 5. Temperature dependence of  the mean value of  the  intensity 
ratio for the fluorescence of up-conversion particles. The environment 
temperature was changed from 25 °С to 30 °С with a step 1 °С. The in-
tensity ratio was calculated for the wavelengths 676 nm and 684 nm for 
the particles, injected into the biological object [( 1 ), left-hand scale] and 
the particles in aqueous medium [( 2 ), right-hand scale]. The points are 
experimental values, and the straight lines are approximations.
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