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Abstract

Development of new materials and techniques for luminescence

nanothermometry and photothermal conversion

Temperature is today recognized as one of the basic variables in science.
With the development of the nanotechnology, the temperature of a given system
with submicrometric spatial resolution becomes possible to measure. This has
led to the development of a new subfield of thermometry named
nanothermometry, related to the temperature measurement at the nanoscale
level. There are many areas where the temperature determination at the
nanoscale is of great importance, for instance in microelectronics and medicine.
Luminescence nanothermometry, as a non-contact technique is one of the most
promising techniques for temperature determination at nanometer scale.

The main objective of this thesis is to study the temperature dependence
of the luminescence properties of optically active lanthanide ions in different
host matrices emitting in the visible and near infrared region of electromagnetic
spectrum and to explore their luminescent nanothermometric potentialities. We
also explored if these nanoparticles might present additional properties,
especially if they can also be used as photothermal converters for photothermal
therapy. Also in this field we studied the photothermal conversion efficiency of
graphene and graphene oxide putting in context the results obtained by
comparing them with those of the most common photothermal agent nowadays.
Moreover, we developed a new method for determining the photothermal
conversion efficiency by using an integrating sphere that simplifies the
procedures applied up to now for these measurements. Furthermore, we
analyzed the present detection technology for the luminescence of these
nanothermometers and explored some modifications to develop compact and
faster luminescence nanothermometer setups.

Keywords: nanothermometry, luminescence, phothothermal conversion,

upconversion.
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Chapter 1 Introduction

Chapter 1

Introduction

What is temperature? According to Max Plank, the concept of temperature is our
qualitative sense of touch about how hot or how cold a body is [1]. A body that is felt hot
usually has a higher temperature than a similar body that is felt cold. But this definition is so
undetermined that a perception of temperature based on the sense of touch can be deceivable. If
we touch two different materials, for example wood and metal, both of which are at the same
temperature, our senses tell us that the metal is much colder/hotter than the wood only because
the metal conducts heat faster. So the heat transfer is a very important parameter in every
temperature measuring situation [1].

Temperature is today recognized as one of the basic variables in science. Many
industrial and scientific processes as well as processes in everyday life, from cooking the food to
the production of complicated materials, depend on the temperature [2]. Extraction of metals
from ores, refining, casting, shaping and heat treatment, for instance, all take place at high
temperatures [3]. Glass, cement, brick and pottery manufacture involve high-temperature
processing as well. Distillation columns and reactors in chemical industries involve also
processes where temperature monitoring and control is critical [3]. Also temperature control is

essential in biotechnology and medicine. The controlled growth of microorganisms in
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Chapter 1 Introduction

fermentation processes, for instance, always requires maintaining a specified temperature to
promote their optimum growth [3].

This chapter will start with a brief description of the historical evolution of
thermometry and the appearance of a new sub-field of thermometry, named nanothermometry.
We will explain the importance of the nanothermometry in medicine and electronics. We will
focus our main attention on luminescence nanothermometry, the method of nanothermometry,
which operates luminescence properties of particular material that change with temperature to
achieve thermal sensing by temporal (rise and decay time) or spectral (intensity, band shape,
spectral peak position, bandwidth and polarization) analysis of the emission. Finally, the chapter

will end with the objectives of this thesis.



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 1 Introduction

11 Historical development of the thermometry

The scientific principles and methods on which temperature measurements are based
are part of the development of science. Here we will shortly review the main scientific
discoveries and inventions that constitute the present thermometry.

The first mention to the measurements of the degree of heat and cold arose in the
sixteen and seventeen centuries, and it is ascribed to Galileo Galilei and his pupils [4-6]. The
instrument named thermoscope, consisted of a glass bulb with air and a long rod immersed in a
liquid, and was based on the principles that certain substances such as air and liquids expand
when heated. The device was not sealed, so it was affected by changes in pressure and to losses

by evaporation [7]. A design of Galileo thermoscope is shown in Figure 1.1.

Figure 1.1. Galileo Galilei with thermoscope [8].

The word “thermometer” first appeared in the literature in 1624 in a book by the
French priest and mathematician Jean Leurechon [9]. The author describes a thermometer as an
instrument of glass which has a little bulb above and a long neck below, and it ends in a vessel
full of water. According to the author, those who wished to determine the changes in
temperature by numbers (degrees) could draw a line all along the tube and divide it into 8
degrees [9].

At about 1654, Ferdinand Il of Medici (Grand Duke of Tuscany) made thermoscopes of

the usual form (glass which has a little bulb above and a long neck below), filled them with
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alcohol, hermetically sealed them and then marked off 360 divisions in the neck. Those were the
first temperature sensing instruments to be independent of pressure and water losses by
evaporation, and after which scientists began to call such divisions by the name of degrees [10].

In 1694, the Padua mathematician, Carlo Renaldi suggested taking the melting point of
ice and the boiling point of water as two fixed points on a thermometer scale [11]. Then, in 1701
Newton labeled the melting point of ice as zero on his temperature scale [12].

The mercury thermometer, which was invented by the German physicist Daniel Gabriel
Fahrenheit in 1714, can be considered to be the first modern thermometer. In 1724 he
introduced the standard temperature scale that was used to record changes in temperature in an
accurate way [13]. The Fahrenheit scale (°F) divided the freezing and boiling points of water
into 180 degrees. According to that, O °F was based on the temperature of an equal mixture of
ice and salt, 32 °F was the freezing point of water and 212 °F was the boiling point of water.
Fahrenheit based his temperature scale on the temperature of the human body. Originally, the
human body was 100 °F on the Fahrenheit scale, but it has since then been adjusted to 98.6 °F.

In 1740, the Swedish astronomer, physicist and mathematician Anders Celsius
proposed the centigrade scale [13]. He proposed to divide the range of temperature between the
melting point of ice and the steam point of water in 100 parts. He attributed the 100 value to the
melting point of ice, and the 0 value to the steam point of water. The Swiss botanist Carl
Linnaeus inverted the scale so that 0 was the melting point of ice and 100 was the steam point of
water [14]. In 1948, at the 9th international conference on weight and measures, the centigrade
scale was changed to the Celsius scale in honor to Anders Celcius.

The problem with early temperature scales is that all of them were empirical, and their
reading often depended on the material (usually a liquid or a gas) used to indicate the
temperature change. For instance, in a liquid-glass thermometer the difference between the
thermal expansion coefficient of the liquid and the glass causes the liquid to change height when
the temperature changes. If the thermal expansion coefficient changes with temperature then an
accurate thermometer cannot be constructed [15].

In 1848, the Irish mathematician physicist and engineer William Thomson (later known
as Lord Kelvin) proposed a thermodynamic absolute temperature scale that was independent of
the measuring material. The idea for the Kelvin scale was sparked by a discovery in the 1800s of
a relationship between the volume and the temperature of a gas. Scientists theorized that the
volume of a gas should become zero at a temperature of -273.15 °C [15]. He defined "absolute"
as the temperature at which molecules would stop moving, or “infinite cold.” From absolute

zero, he used the same unit as Celsius to determine the increments. Because of this fact; it could
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be constructed from a single fixed calibration point once the degree size had been chosen. The
triple point of water (0.01 °C or 273.16 K) was selected as the fixed point.

The measurable temperature range of liquid glass thermometers was extended by the
development of electrical thermometers. The dependence of the electrical resistance of pure
metals on temperature was used by Sir William Siemens in 1871 for his platinum thermometer,
but it was found to have defects [16]. In 1887 H. L. Callendar overcame these troubles by taking
care to avoid strain or contamination of the platinum wire. He established that its resistance was
always the same at a given temperature. In 1887 H. L. Callendar presented his research on the
variation of the electrical resistance of platinum and pioneered the use of platinum resistance
thermometers for accurate temperature measurement [17, 18].

An important extension of the measurable temperatures was made with the
development of radiation thermometers. The first pyrometers were made by Le Chatelier in
1892 for measuring objects that were hot enough to glow [19]. This instrument used an oil lamp
flame as a brightness comparison source, a viewing telescope with red filters and an iris diagram
for adjusting brightness to achieve a photometric match. The user would adjust an iris
diaphragm until the brightness of the object, seen through a viewing telescope, matched the
flame of an oil lamp. The iris setting would then indicate the temperature. This technique was
made more practical when an electric bulb replaced the oil lamp in the early 1900s. Few years
later it was improved by Fery [20]. A limitation that Charles Fery overcame in 1901 with the
first radiation thermometer using a lens to focus thermal energy onto a thermocouple. The
temperature could then be read directly from a galvanometer driven by the thermocouple. After
this invention, thermometry was divided into two categories: contact and non-contact. Contact
thermometers measure temperature using the heat transfer. Thus, require physical contact with
the measured object to bring the sensor body to the object temperature. While in non-contact
measurements, no contact with the measurable object is needed. Temperature reading is done

through different temperature dependent properties of an object.

1.2 From “classical” thermometry to nanothermometry

After the time of the invention of the thermoscope by Galileo, many other temperature
measuring methods and equipments have been developed considering the field of application,
measurement accuracy and measurement conditions [21]. With the development of the

nanotechnology, the temperature of a given system with submicrometric spatial resolution
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becomes possible to measure. This has led to the development of a new subfield of thermometry
named nanothermometry, related to the temperature measurement at the nanoscale level [22].
There are many areas where the temperature determination at the nanoscale is of great
importance. For example, in electronics the reduction in size of the electrical conduction
channels leads to relevant resistances values, resulting in a heating of the systems caused by
Joule effect and the appearance of well-localized temperature increments, called “hot-spots”
[23]. These “hot-spots” can affect the performance of the electronic devices and could lead to
the irreversible damages. Brites et al. [24] developed a luminescent molecular thermometer
based on the Eu®*, Th* co-doped y-Fe,Os@TEOS/APTES nanoparticles that were used for
temperature mapping of an integrated circuit. The scheme of the setup is shown in Figure 1.2a.
The temperature profile along the A and B lines marked in the integrated circuit are shown is
Figures 1.2b and c, respectively, with the blue points corresponding to the measurements
performed with a infrared (IR) camera for comparison. A spatial resolution of 35 pum was

achieved, with a temperature uncertainty of 0.5 K.
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Figure 1.2. (a) Scheme of the setup used for the thermal mapping of an integrated circuit, whose tracks were covered
with a layer of Eu*, T3 co-doped y-Fe,0:@ TEOS/APTES nanoparticles. Temperature profiles recorded along the A
(b) and B (c) lines shown in (a), compared with the measurements performed with a IR camera (blue points) [24].
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Aigouy and collaborators [25] developed a scanning thermal microscope able to map
the temperature of electrically excited stripes with micro/nano sizes. It is based on gluing Er®*,
Yb3* co-doped fluoride small particles on the scanning tip of an atomic force microscope. The
particles were excited by a 975 nm laser, and the temperature dependent emission of Er®* was
used to determine the temperature using a ratiometric technique. The scheme of the setup is

illustrated in Figure 1.3

CCD camera

Spectrometer

Spectra
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—

Fluorescent t 1 f Microscope
particle objective
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XYZ position control
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Figure 1.3. Scheme of the experimental setup developed by Aigouy [25].

Another area that could use the benefits offered by nanothermomety is biomedicine.
For instance, metabolism and enzyme reactions in a biological cell are marked by temperature
changes [26]. An accurate and noninvasive determination of temperature is, thus, of particular
importance for the investigation of the dynamics of cellular heat production and propagation in
the different intracellular compartments. It is also well known, that the pathogenesis of diseases
like cancer is characterized by the increment of temperature [27]. Thus, temperature monitoring
will provide not only the understanding of cellular activities, but also the possibility of detection
of diseases in an early stage of development. Furthermore, heat can be used as an instrument to
increase death rate in cells [28]. This becomes apparent as temperature goes over a definite
threshold (312 K). Increasing the temperature of biological molecules above this limit induces
new chemical reactions leading to denaturation [29, 30]. Those modifications (denaturation)
damage cells and tissues in performing their functions, and finally at the temperature above 321
K necrosis is induced. Thus, if controlled, heat may be used to treat abnormal cells, such as
cancer cells through hyperthermia treatment [31].

Heat would also affect negatively to healthy tissues. Thus, since the increase of the
damage with temperature in biological tissues is critical, it is obvious that predicting and

controlling the temperature distribution in a body region during hyperthermia treatment is

7
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mandatory. Carrasco et al. [32] performed in vivo efficient temperature controlled photothermal
therapy of cancer tumors by using Nd** doped LaF; nanoparticles. These nanoparticles have the
ability to act at the same time as a heater and as a fluorescent thermal nanosensor. They
demonstrated the intratumoral temperature sensing from the analysis of the fluorescence
generated by the Nd®* doped LaF3; nanoparticles during the hyperthermia treatment. Figure 1.3a
illustrates the two tumors, induced in the mouse, the one with the presence of Nd** doped LaFs
nanoparticles and the other one used as control, with equivalent volume of phosphate-buffered
saline (PBS). The presence of the luminescent nanoparticles can be seen in the bright
fluorescence and the elevated temperature they produce. The temperature profiles in the tumor
during the treatment are shown in Figure 1.3b, indicating the importance of monitoring the

intratumoral temperature since its temperature is 20 % higher than the surface temperature.
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Figure 1.4. (a) Picture illustrating the photothermal therapy treatment in a mouse, in which two tumors have been
induced. Nd:LaF; nanoparticles have been injected in one of the tumors as revealed by the bright fluorescence and high
increment of the temperature; (b) temperature profile monitoring the treatment process in different regions of the mouse

[32].
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Another example of the temperature determination at the nanoscale also include
microfluidics systems, that offer several advantages including efficiency, speed, portability, and
reduced amount of reagent consumption [33]. The accurate and precise temperature control
inside a microfluidic system is crucial, and has been demonstrated in variety of applications [34-
39].

Samy et al. reported the temperature measurements in poly(dimethylsiloxane) (PDMS)
thin film using Rhodamine B dye [35]. A thin PDMS/RhB film was used to measure the
temperature distribution in a tapered PDMS microfluidic channel, where Joule heating was
generated by an electrical field. As shown in Figure 1.5a, the chip was placed in a custom-made
acrylic holder that suspended the microfluidic chip over the inverted microscope objective. The
picture of the thermal map is shown in Figure 1.5b, illustrating a temperature gradient in the
film. In that case, spatial resolutions in the order of hundreds of microns were obtained, with the

relative temperature sensitivities between 1.3 % K and 2.3 % K™
50
45

1140

35

Figure 1.5. (a) Setup used to observe the PDMS microfluidic channel coated with a PDMS/RhB thin film on
of the inverted microscope intensity measurements; (b) thermal map obtained, in which it can be seen the heating effect

diffusing into the surrounding side walls [35].

1.2.1 Methods of nanothermometry

Basically, the present methods for temperature determination at the nanoscale level can
be classified in contact and non-contact methods.

The contact methods include the use of thermistors and thermocouples, in which the
thermal reading is achieved by the thermal variation of the resistance, conductivity, voltage or
electrical capacity of the probe [40]. Nowadays, due to the intense development of micro/nano-
fabrication techniques these systems can be fabricated with sub-micrometric sizes [41, 42]. Even
more, when those temperature sensors are placed at the tip of an atomic force microscope,
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scanning thermometry mapping can be performed at sub-500 nm scale providing a two-
dimensional thermal image of the sample [43]. The same scanning thermal microscope can be
made with a cantilever made of biomaterial instead of a thermocouple, and the temperature
reading is performed by the deflection of the cantilever [44]. Scheme of the device is shown in

Figure 1.6.

A-B/A+B

/
o I\
H2  H0
Figure 1.6. Scheme of the device based of deflection of the cantiliver. The chemical reaction of H, with O, to form H,O
over a Pt catalytic layer releases heat which bends the bimorph structure comprised of two layers of differing thermal
expansion coefficients (a; and a,) from position | to 11. This bending is detected by the deflection of a light beam from a
laser diode reflected from the surface using a position-sensitive detector as the differences in the electrical signals from
two opposite sensors A and B and normalized by the total signal A+B [44].

This technique has resolution of 0.1 A and a temperature resolution of 10 K, better
than that of a thermocouple. Also thin film nano-thermocouples have been developed, that show
high spatial and thermal resolution (around 0.6 K) [42, 45]. However, they have serious
drawbacks as the electrical wiring they can produce strong electromagnetic noise and cannot be
applied in harsh environments. Since those thermal probes required the physical contact with the
system under study, heat transfer between them can result in error in the temperature
measurements. Also, and common to the rest of contact techniques, is that only surface
measurements can be performed with these systems.

In order to overcome these problems, non-contact methods have been developed, such
as infrared thermometry, thermoreflectance, Raman spectroscopy and luminescence
thermometry [46]. The most commonly used of these non-contact methods is based on infrared
thermometry, in which temperature is calculated from the amount of thermal radiation emitted
by the target that is being measured [47]. By knowing the amount of infrared energy emitted by

the object and its emissivity, the target temperature can be determined. This device can measure

10
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the temperature remotely and allow getting fast imaging. But it requires to know the emissivity
of the target and its spatial resolution is in the micrometer range, limited by the size of the pixels
of the sensor. Furthermore, it only allowed measuring temperature on the surface of the target
[48].

Thermoreflectance thermometry, which is based on the temperature dependence of the
refractive index of the materials, that constitutes the sample, requires the calibration of the
reflectivity index of the material and its spatial resolution is limited by the light diffraction limit
[48]. Moreover, the thermoreflectance coefficient of the materials depends on the excitation
wavelength and the thickness of the optical layer [23]. Raman spectroscopy can be also
classified as a non-contact temperature determination technique. It is based on the analysis of
the properties of Raman modes in materials which are affected by changes in temperature [47].
Although Raman spectroscopy shows a very high spatial resolution (1 pum) and can measure
temperature in small volumes of solids or even liquids, it has also significant disadvantages. It is
very high time-consuming technique and can only be applied to materials showing a large
Raman efficiency and it is thus restricted to a few numbers of systems [41, 49-53].

The development of new measurement techniques, which demonstrate high spatial,
thermal and temporal resolution, high stability, a large measurement range, acceptable cost and
size, is of great interest. Luminescence thermometry in the visible and near-infrared (NIR) has
shown to meet all these criteria and is considered to be one of the most promising non-contact

techniques for temperature determination, as will be detailed in the next section.

13 Luminescence nanothermometry

Luminescence is the process in which the emission of light from a given substance is
occurs [54]. In general, the excitation (absorption of one or more photons in the case of
photoluminescence) causes the energy of the luminescent molecule to jump to higher electronic
states, from where, according to the conservation of the energy principle, it will be emitted in
the form of light or heat, returning back to the ground state or to an intermediate state [54]. This
process is schematically illustrated in the Jablonski energy level diagram in Figurel.7. The
properties of the emitted light depend on the properties of the electronic states involved in the
emission process, which in turns depend on the local temperature of the system. Thus,
luminescence nanothermometry operates in base to the luminescence properties that change

with temperature to achieve thermal sensing by temporal or spectral analysis of the emission.

11
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Figure 1.7. Jablonski energy level diagram showing the luminescence process.

Temperature can affect the luminescence emission spectrum parameters in different
ways, from which the temperature can be determined. Figure 1.8 illustrates schematically these
variable parameters, including intensity, lifetime, bandwidth, polarization and spectral position
of the peak [55]. The most studied parameters to determine temperature will be analyzed in

detail in the following subsections.
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Figure 1.8. Schematic representation of the possible effects caused by an increase of the local temperature on the

luminescence of given a material.

13.1 Intensity- and band shape-based luminescence nanothermometry

Temperature induced changes on the intensity of luminescence are caused by several
factors, including: (i) quenching mechanisms — temperature increments would activate
mechanisms of cross-relaxation while luminescent quenching centers would reduces the
intensity; (ii) relaxation non-radiative processes — electrons in an excited state would relax to the
ground state by generating heat instead of light; (iii) population redistribution due to Boltzmann
statistics — the change of temperature would activate the population redistribution among the
different energy states that follows the Boltzmann distribution, and (iv) phonon assisted Auger

conversion processes — absence of temperature dependence [56].
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Intensity-based nanothermometry has been reported in different systems, including
quantum dots (QDs) [57-59], organic dyes [60, 61] lanthanide doped systems [62-64] and
polymers [65, 66]. Relevant works of this kind of technique on lanthanide-doped materials will
be discussed in the 1.4.5.1 subsection (Lanthanide doped nanoparticles) in the 1.4 section
(Materials used in nanothermometry). In the case of QDs, the great advantage of using them in
intensity-based nanothermometry is that in general they show linear dependence of intensity
variation with temperature. As an example, the first work on intensity-based nanothermometry
using QDs for bioapplications was done by Han et al [58]. They performed thermal imaging of
human prostate cancer cells based on fluorescence intensity changes of internalized QDs. Two
kinds of QDs were tested in the experiment, CdSe/ZnS core-shell QDs with an emission peak at
620 + 10 nm and CdSe/ZnS core-shell QDs with an emission peak at 655 + 10 nm. QDs
emitting at 620 nm were more sensitive to temperature changes, as can be seen in Figure 1.9a.
Additionally, metallic nanoparticles were mixed with the QDs to be used as nanoheaters to
promote the temperature increase of the system. The authors used a double excitation source in
experiment, which consisted on a near infrared laser emitting at 820 nm to excite the surface
plasmons of the metallic nanoparticles and on halogen lamp provided excitation light via blue
additive filter with transmission wavelength of <525 nm for excitation of the QDs. As can be
seen in the micrograph in Figure 1.9b, the thermal heating generated by metallic nanoparticles is
evident in the point where the laser was focused, where cells, where were Killed. No cell death
was observed outside of the laser-focused spot. The thermal sensitivity was determined by the

temperature induced luminescence quenching rate and found to be close to 1 % K.

Zone of
W Injured Cells 3

Figure 1.9. (a) QDs fluorescence intensity variation with temperature increase corresponds to the CdSe/ZnS and
CdSe/znS core-shell QDs, respectively; (b) micrographs in dark and fluorescence fields, respectively, showing the

damage induced by the heating of an infrared laser beam, on the human prostate cancer cells [58].

The band shape-based nanothermometry is referred to the luminescence of a system
whose luminescence spectrum consists on several emission bands/lines, and the intensity of

which is strongly temperature dependent [23, 55]. Basically, there are two models of operation

14
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in band shape nanothermometry: (i) when the emission lines/bands are generated from a single
luminescent center, and (ii) when the emission lines/bands are generated by different emitting
centers. In the first model, the changes in the band shape of the system are generally caused by a
thermally induced population re-distribution between the different energy levels of the emitting
center [23, 55]. In the second model, the temperature induced changes in the band shape of the
system arise from the different thermal quenching ratio of each center or from thermally induced
changes in the energy transfer rate between these emitting centers [23, 55]. The main advantage
of this technique over the intensity-based nanothermometry is that the thermal reading is not
affected by fluctuations in the concentration of the luminescence centers. Band shape-based
nanothermometry has been previously reported in a great variety of luminescent systems,
including lanthanide doped systems [24, 67-69], quantum dots [70-72] and organic dyes [73,
74]. Some important examples of this kind of technique on QDs and lanthanides-doped
materials will be discussed in the 1.4.1subsection (Quantum dots) in the 1.4section (Materials

used in nanothermometry).

1.3.3.1 Theory of the fluorescence intensity ratio (FIR) technique

In band shape-based nanothermometry, the thermal sensing is achieved through the
analysis of the changes in the emission intensity caused by temperature [75]. However, the main
disadvantage of this technique is that the observed emission intensity is also a function of other
variables, such as the power fluctuation of the excitation source, the variation of the
concentration of luminescence nanoparticles in the target in which the temperature is going to be
measured or the inhomogeneity on the distribution of the luminescent centers in the luminescent
nanoparticles used as thermal probes [75].

Taking into account that the electronic population of the individual energy levels is
directly proportional to the total electronic population of the system, one way to avoid the errors
arising from such parameters that affect the emission intensity is to measure the emission
intensity coming from two different energy levels. The ratio between the intensities of these two
emission lines will provide an independent measurement from these parameters. The particular
case of the fluorescence intensity ratio (FIR) technique involves the ratio of fluorescence from
two very close energy levels that can be considered to be thermally coupled. The FIR from two
thermally coupled energy levels follows a Boltzmann type population distribution and can be

written as [75]:

FIR =1—1=Mexp (_ISTET) = Bexp (—A—E) (D)

Iz g2v202 kgT
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where g;, V;, and o; are the degeneracy of levels, the spontaneous emission, and the

absorption rates, respectively, k; is the Boltzmann constant, T is the absolute temperature, AE

is the energy difference between the two energy states considered and B = le—l?. An example
2V202

of this particular situation is shown in Figure 1.10. As can be seen from the Figure 1.10 the
terminal level of fluorescence can be the ground state or another excited state with energy less

than the levels from which fluorescence originates.
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Figure 1.10. Simplified energy level diagram showing the energy levels and transitions of interest in a possible example
in which the FIR technique can be used to sense temperature. The dashed lines correspond to non-radiative decay

processes, while solid arrows correspond to the fluorescence transitions used to calculate the fluorescence intensity ratio.

If the emission peaks considered to calculate the FIR are located very close to each
other, they might partially overlap. In order to take into account this effect, Wade et al. revised

equation 1, taking the form [76]:

FIR = (%) Bexp [- =] + (22) )
where n; defines the fraction of the total fluorescence intensity of the transition originating from
level i (upper level i = 2, lower level i = 1) measured by the detector for the i level and m;
defines the fraction of the total intensity from level i which is measured by the detector for the
other thermalizing level.

For temperature sensing applications it is important to know the rate at which the FIR
changes for a small change in temperature. This quantity, known as the absolute sensitivity, can

be calculated from the first derivative of FIR with respect to the temperature:

dFIR AE
Sabs = % = FIR (+=) 3)

kpT
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To facilitate the quantitative comparison among the different ratiometric optical
temperature sensors operating by different mechanisms, the use of the relative sensitivity has
been proposed [23]:

__Sabs __ AE
rel ™ "RFR T kT

(4)
From these equations we can see that by using a pair of energy levels with a bigger
energy difference the FIR sensitivity would increase. However, this is true to a finite limit, if the
energy gap between them is too big, the thermalization would then not be observed [75].
Another important parameter that describes the quality of a temperature sensor is the
thermal resolution (also called thermal uncertainty) and the temporal resolution. These
parameters depend on the actual temperature resolvable by the material and on the detection
setup used in the experiment. The thermal resolution (6T) can be calculated from the FIR and

S, Values as follows [77]:

1 OSFIR

e (®)

Srei FIR

6T =

where 5:1—1: is the relative error in the determination of the thermometric parameter which

depends on the signal-to-noise ratio of the acquisition setup. The temporal resolution strongly
depends on the integration time of the detector used. It increases when the signal arising from
the luminescent materials is low. Thus, the use of highly efficient emission intensity materials is
recommended to work with the smallest integration time of the detector in order to get a faster

temporal response of the thermometric sensor.

132 Lifetime-based nanothermometry

Among the different luminescence thermometry techniques, lifetime-based
nanothermometry is of great relevance. Lifetime nanothermometry is based on the estimation of
the temperature of the nanoprobe from the analysis of its fluorescence lifetime [55]. Decay
probabilities from electronic levels depend on a large number of parameters and many of them
are related to temperature, such as phonon assisted energy transfer processes and multiphonon
decays. This technique has several advantages when compared with the intensity based
approaches. Lifetime thermometry eliminates problems related to non-controllable spatial
fluctuations of the fluorescence intensity due to the non-homogeneous distribution of
nanoprobes, the uncontrolled motion of nanoprobes or biocomponents and the shading and light

distribution in the sample, among others [55]. Since, in a first order approximation, fluorescence

17



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 1 Introduction

lifetime does not depend on the local concentration of luminescent probes, all these
inconveniences can be overcome. Furthermore, lifetime thermometry avoids the necessity of
acquisition of the whole luminescence spectra, a time consuming procedure. When this is
associated with the requirement of high spatial resolution, which leads to low signal levels and
long acquisition times in intensity- and band shape-based techniques, the short measuring times
required by the lifetime technique minimizes the possibility of laser-induced local heating of the
system under investigation. Moreover, temperature reading is not affected by the luminescence
intensity and thus the signal from which the temperature will be deduced can be acquired at a
time interval of the order of the luminescence lifetime, in the range of picoseconds to
milliseconds, leading to a very fast temporal response of the sensor. Finally, it should also be
mentioned that this technique can be used for high temperature measurements avoiding the
undesired contributions of the black body radiation [48, 78-81].

However, this technique has a significant disadvantage, since it demands to use a
pulsed-light excitation source with a frequency shorter than the lifetime to be measured that
sometimes requires working in the femtosecond regime, which makes it costly and bulky. The
sensitivity of a thermal sensor based on the lifetime technique is represented by a value called

normalized lifetime thermal coefficient (a) given by the following equation [78]:

dT™oTm (T
dar

(6)

where t™°"™(T) is the luminescence decay time at temperature T normalized to the room

a; =

temperature value. Large a, values are desirable so that small temperature variations would
cause large lifetime changes.

One of the interesting works on lifetime based nanothermometry was done by Haro-
Gonzalez et al. [78]. They reported a high lifetime thermal coefficient for ultra-small CdTe
QDs, with a value of 1.7 % K, much superior than that of other reported systems [82-86]. The
fluorescence lifetime of 1 nm CdTe QDs at two different temperatures is presented in Figure
1.11a. They demonstrated the possibility of using these QDs for microfluidics applications. The
scheme of the setup is shown in Figure 1.11c. The experiment consisted in using partially
overlapped double laser beams which were focused on a microchannel containing QDs
dispersed in aqueous solution. A laser with emission at 1090 nm was used to heat the water and
a laser with emission at 532 nm was used for exciting the QDs. The magnitude of the
temperature increment was determined from the analysis of the fluorescence decay curves of the

QDs located at the spot of the laser. The increment of the temperature of the laser focus as a
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function of the incident laser power is shown in Figure 1.11d, obtained after comparison with
the calibration shown in Figure 1.11b.
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Figure 1.11. (a) Fluorescence decay curves for ultra-small CdTe QDs at two different temperatures; (b) variation of the

lifetime value of CdTe QDs as a function of temperature; (c) scheme of the experimental setup used for the temperature

measurements; (d) on focus temperature calculated from the analysis of QDs lifetime at different power of the 1090 nm
heating laser [78].

133 Nanothermometry based on the spectral position of the emission lines

This technique is based on the analysis of the spectral position on the emission lines,
assigned to the energy separation between the two electronic levels involved in the emission
which in turns depends on a large number of temperature dependent parameters, such as the
refractive index and the inter-atomic distances [87]. The main advantage of this technique is that
temperature reading is not affected by luminescence intensity fluctuations caused by variations
in the concentration of the emitting centers, fluctuations of the power of the excitation source,
shading effects or movements. QDs have been used for spectral position nanothermometry [87].
However, due to a number of drawbacks of these materials, like high toxicity and poor
biocompatibility, other kinds of nanomaterials have been intensively studied. Rocha and co-

workers, for instance showed that the spectra generated by Nd:LaFz nanoparticles possess a

19



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION

Oleksandr Savchuk
Chapter 1 Introduction

spectral shift at around 864 nm, as can be observed in Figure 1.12a, that can be used for spectral
position-based nanothermometry, with an almost constant rate of 710~ nmK-! (see Figure 1.12b)
[88]. The temperature induced changes in the spectral shift is much lower than that reported for
other systems, such as QDs [87, 89]. However, the band of Nd®* at 864 nm is much narrower (3
nm), whereas in QDs is of order of several tens of nanometers, which difficult sometime
spectral shift determination. Therefore, the final contrast of the temperature-induced spectral

shift is similar in both systems [88, 89].
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Figure 1.12. (a) Spectral shift on the emission generated by Nd*"-doped LaF; nanoparticles at two different

temperatures; (b) peak shift as a function of temperature [88].

134 Bandwidth-based nanothermometry

For any elevation of temperature above the absolute zero, higher energy phonon levels
are populated. This effect leads to a broadening of the emission/absorption bands, since excited
electronic sublevels are also populated and so they participate in the emission/absorption
process. Henderson and Imbusch in 1989 showed how the bandwidth of emission/absorption

bands W varies with temperature according to the following expression [90]:

W(T) = W, [coth (52) @
where Wj is the full width at half maximum (FWHM) of the emission/absorption band at 0 K, k
is the Boltzmann constant and h(2 is the energy of the lattice vibration that interacts with the
electronic transitions. So, the higher the temperature, the wider the emission band because of the
contribution of thermal vibrations of the luminescent center and its neighboring
atoms/molecules
The change in bandwidth of the absorption/emission bands is used in the bandwidth
luminescence nanothermometry to achieve a thermal reading. However, the main disadvantage

of this technique is that the magnitude of the emission band broadening caused by temperature
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increase is small, thus it can only be observed in systems showing narrow emission lines, like
lanthanide-doped materials [91]. For example, Nd:YAG shows two hypersensitive luminescence
lines located near 940 nm, assigned to transitions between the two Stark sublevels of the “Fap
metastable state to the highest energy sublevel of the “lg, state. The bandwidths of these two
transitions show a strong linear dependence with temperature [91]. The rate of the changes was
determined to be close to 0.04 cm* K™,

Another promising result was obtained by Park et al. on bandwidth nanothermometry
[92]. They demonstrated how the bandwidth temperature dependent luminescence of Mn-doped
CdS-ZnS core-shell nanocrystals can be used in a ratiometric temperature imaging. The
normalized temperature dependent bandwidth of Mn:CdS@ZnS core shell nanocrystals is
shown in Figure 1.13a. The FWHM as a function of temperature is shown in Figure 1.13b.
However, they decided to use band shape-based nanothermometry by utilizing bandpass filters
at 600 and 650 nm, which were used to cut the luminescence emission arising from the Mn-
doped CdS-ZnS core-shell nanocrystals and create the ratiometric measurable values. The

temperature sensitivity was found to be around 0.5 % K-* [92].
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Figure 1.13. (a) Normalized intensity spectra of Mn:ZnS@CdS core-shell nanocrystals at different
temperatures; (b) FWHM of the emission line at 620 nm as a function of temperature. The red line is the linear fitting of

the experimental points [92].

14 Materials used in luminescence thermometry

With the fast development of nanotechnology it has become possible to synthesize
nanometric biocompatible nanoparticles with the typical size below 100 nm. The small size of
these nanoparticles and the chemical functionalization of their surfaces have given an
opportunity to incorporate them easily in living cells and to have a good potentiality for

luminescence mapping in vitro experiments. Consequently, since the luminescence of these
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nanoparticles is sensitive to small changes of temperature this makes them potential candidates
for nanothermometry, providing the possibility of intracellular thermal mapping [93].

There are several kinds of luminescent nanothermometers with great potentiality for
practical applications including, QDs, gold nanoparticles, organic dyes, luminescent polymers
and lanthanide-doped nanoparticles. Organic dyes and QDs have shown the highest sensitivity
to changes of temperature [23], however, their main disadvantage consists in that they need to
be excited using ultraviolet (UV) or visible light, thus leading to the background fluorescence
arising from biological tissues and also with the possibility that the excitation light damages the
surrounding biological tissues [94]. The use of lanthanide-doped (Ln%*-doped) upconversion
nanoparticles (UCNPs), which emit light at higher photon energies when absorbing two or more
lower energy excitation photons through sequential absorption or energy transfer processes, has
several advantages. It allows using near infrared (NIR) excitation, which causes negligible
photodamage to living organisms and weak autofluorescence background. Also, it has a deeper
penetration depth in biological tissues for biomedical thermometry purposes, when compared to
visible radiation [95]. Moreover, NIR excitation sources are commercially available with high
power and low cost. Furthermore, UCNPs are more optically stable and have lower toxicity than
QDs [95].

In this section we will briefly review the most common materials that have been used
for nanothermometry, including QDs, organic dyes, gold nanoparticles, polymers, Ln%*-doped,

Ln®*-UCNPs and complex systems.

1.4.1 Quantum dots

A semiconductor or metal that shows quantum confinement effect due to the reduction
in grain size is called a QD. In semiconductors it occurs when the grain size is equal to or less
than the exciton Bohr radius, while in metals it occurs when grain size is equal to or less than
the mean free path of charge carriers [96]. The quantum confinement effects in semiconductor
QDs systems have attracted considerable attention. Especially interesting are the modified
electronic and optical properties of these structures which are controllable to a certain degree
through the flexibility in the structure design [96]. This feature makes QDs very promising for
possible device applications in microelectronics, nonlinear optics and many other fields.

The fluorescence of QDs is strongly dependent on temperature [70, 97, 98]. With a

temperature increase, the fluorescence intensity decreases, a phenomenon known as
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fluorescence quenching, which is also accompanied by a spectral shift towards the red region of
the electromagnetic spectrum. The fluorescence quenching is attributed to the activation of
phonon-assisted processes as well as to the presence of thermally-assisted energy transfer
processes from bulk (excitons) to surface states (traps).

An interesting feature of the fluorescence quenching and the spectral shift experienced
by QDs is that they can be assumed to be linear in the physiological range of temperatures [97].
However, intensity-based QDs temperature sensors often induce to errors in temperature
determination due to variations in the concentration of the material that constitutes the QDs,
excitation or detection efficiency [98]. These problems were overcome by using dual emitting
QDs systems and correlating the intensity of the two emission bands by a ratiometric technique
[70]. Vlaskin et al. reported that the use of dual emitting QDs systems allowed avoiding
problems associated with instabilities in the excitation source and in the photobleaching of the
emission arising from the QDs [70]. Maestro and co-workers reported for the first time
intracellular temperature measurements using the temperature induced spectral shift in QDs
under two-photon excitation [89]. Moreover, they demonstrated that the two-photon excitation
lead to a large spatial resolution due to its nonlinear nature. The spatial resolution was
determined to be 400 nm, 6 times higher than for one-photon excitation. The experimental setup
they used is shown in Figure 1.14a. The 800 nm excitation beam was focused inside the cell by
means of a 100x microscope objective, giving a lateral spatial resolution close to 400 nm. The
same objective was used to collect the emission from QDs. The cell temperature was externally
varied by using a micro air-heater. Thus, they were able to measure the intracellular temperature
by using CdSe QDs nanothermometers. The evolution of the intracellular temperature as a

function of the heating time is shown in Figure 1.14b.
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Figure 1.14. (a) Schematic diagram of the experimental setup used to monitor the of HeLa cells heating

process by using a two-photon excitation CdSe QDs fluorescence thermometry; (b) intracellular temperature increase as

calculated from the spectral shift of the emission of CdSe QDs as a function of heating time [89].
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Yang and co-workers used QDs to map the intracellular heat generation in NIH/3T3
cells following Ca?*-induced stress and cold shocks [99]. Ca?*-induced shock was used to boost
heat production, due to the promotion of activities of ion pumps in the cells and the acceleration
of the respiration rate. They showed that different regions of the cells exhibited different
temperature progressions, creating a subcellular temperature gradient. Position-dependent
temperature variation is shown in Figure 1.15. It can be seen that the temperature inside the cell
following the addition of Ca?" and the different region of the cell exhibit the different
temperature progressions. The spatial resolution in that case was only limited by the size of the
QDs used (~20 nm).

Also QDs were used in the determination of the heat/absorption efficiency produced of
gold nanoparticles of different geometries when excited at 488 nm [87]. The solution containing
the Au nanoparticles and QDs was introduced in a microchamber and analyzed in a double
beam fluorescence nanothermometry setup. The concentration of the QDs was small enough to
be negligible in the optical absorption of the mixed solution. They demonstrated that the heating
efficiency of gold nanoparticles strongly depends on the particular geometry of the
nanoparticles. They found that the gold nanorods and long-edge gold nanostars to have an

absorption efficiencies to close to unity, 95 + 4 and 102 + 3 %, respectively [87].
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Figure 1.15. Position-dependent intracellular temperature variation as a function of time [99].

1.4.2 Organic dyes

Organic dyes are aromatic organic compounds which impart color to a substrate by

selective absorption of light [100]. The first synthetic dye, Mauveine, derived from aniline, was

24



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 1 Introduction

discovered by Perkin in 1856 [101], and since then the research on the synthesis of organic dyes
has been intensively pursued. The main interest of organic dyes arises on their strong
luminescence in the visible region when optically excited with ultraviolet or blue light [100].
The emission and absorption bands of the organic dyes strongly depend on their structure and
chemical environment [102]. Moreover, in many organic dyes, their luminescence properties
depend on temperature [103]. These facts make them excellent candidates for temperature
sensing applications

In fact, the fluorescence intensity and lifetime of organic dyes are typical parameters
that are modified when the temperature changes [104-106]. However, since the fluorescence
intensity of organic dyes is seriously affected by fluctuations in the experimental conditions
[104, 106], lifetime based thermometry in organic dyes is a more common and reliable
technique for temperature measurements [105, 107, 108]. One of the most popular organic dyes
is Rhodamine B (RhB) due to its good chemical stability and high luminescence efficiency and
good chemical stability. Thus, its temperature dependent fluorescence response has been
extensively studied [105]. However, the use of free organic dyes is limited by a number of
factors like, adsorption onto surfaces, molecular interactions and contamination of the
surrounding material [109]. As a result, there has been significant interest in using different
encapsulation matrices for organic dyes in order to improve their temperature sensing properties
[35, 110]. For instance, Jung and co-workers incorporated RhB in polydymethylsiloxane
(PDMS) and SU8 polymer matrices to determine the temperature from an active layer covering
a microfluidic device [110]. A similar work was done also by Samy et al., in mapping the
temperature on microfluidics devices using organic dyes in encapsulated matrices, that has been
described in the 1.2 section (From “classical” thermometry to nanothermometry) [35]. Other
examples include the use of silica matrices together with organic dyes, since they are inert,
optically transparent and temperature stable [111-113].

For instance, Ross at el. used the RhB for mapping the temperature inside the
microfluidic systems [112]. The scheme of one of the microfluidic channel with T-shape they
used is shown in Figure 1.16a. The pumping of the fluid containing RhB was done by applying
the electrical field resulting in the temperature increase due to Joule effect. Fluorescence
imaging of RhB was performed using fluorescence microscope equipped with mercury arc lamp
with an filter at 500-550 nm for excitation and a CCD camera. The measurements were
consisted on comparison of fluorescence intensity of RhB at a known, uniform temperature with

that at an unknown. Temperature distribution is shown in Figure 1.16b. The direction of the
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flow was from top to bottom, which is indicated with an arrow. The temperature variations that

can be measured by this technique were between 2.4 and 3.5 K.
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Figure 1.15. (a) Schematic diagram of the T-shaped microchannel used in experiment; (b) temperature distribution in T-

shaped microchannel measured by the temperature-dependent fluorescence intensity of RhB [112].

1.4.3 Gold nanoparticles

Gold nanoparticles have attracted attentions for multiple applications due to its
fascinating optical and electronic properties [114]. Because of their biocompatibility, facile
conjugation to biomolecules and unique optical properties conferred by their localized surface
plasmon resonance, they have been used as fluorescent probes for in vitro and in vivo imaging
[115, 116]. Moreover, due to its very high light-to-heat conversion efficiency [117], Au
nanoparticles are one of the most promising photothermal agents that have been already
investigated for photothermal therapy [118]. On the other hand, Bomm et al. have shown that
Au nanoparticles present a thermosensitive luminescence behavior that can be used for
temperature determination purposes [119].

Following these properties Shang et al. sensed the intracellular temperature by using
Au nanoparticles, by taking advantage of the temperature dependence of their luminescence
lifetime and emission intensity, which change considerably over the physiological temperature
range [120]. Gold nanoparticles were incorporated into the cells by simple endocytosis and then
temperature was changed through a temperature controlled stage. The thermal resolution that
can achieved in this case was estimated from the thermal response of the lifetime value of Au
nanoclusters in HeLa cells, which is shown in Figure 1.16a, and to be around 0.3-0.5 K in the
range of 287 — 316K. Another important fact is that under continuous excitation with intensities
up to 2.8 kW cm for 2 h the lifetime values remain constant, with a little change of less than 5
% (see Figure 1.16b). Moreover, the good thermal resolution is accompanied by a long

luminescence lifetime, which can be separated from the fluorescence background generated by
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biological tissues. Authors also observed a complete reversibility, a long-term stability (see

Figure 1.16¢) and minimum cell toxicity for these Au nanoclusters (see Figure 1.16d).
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Figure 1.16. (a) Evolution of the fluorescence lifetime of Au nanoclusters with temperature incorporated in
HeLa cells. Fluorescence lifetime of the Au nanoclusters; (b) as a function of irradiation time and (c) upon cycling the

temperature five times between 298 and 308 K; (d) viability of HeLa cells with incorporated Au nanoclusters in cell

medium as a function of time [120].

However, the temperature induced changes on the luminescence intensity arising from
Au nanoparticles can be affected by the local environment, including oxygen content, pH, and
concentration of material, which might result in accurate temperature measurements. In order to
avoid these problems, Wang et al. developed novel dual-emitting microspheres containing the
blue fluorescence of carbon dots and the red fluorescence of Au nanoclusters covered with a
TiO, layer [121]. Figure 1.17a shows the fluorescence response of the carbon dots and Au
nanoclusters towards the temperature increase. It can be clearly seen that the red emission
arising from the Au nanoclusters was changing when the temperature increased, but the blue
emission of the carbon dots remained almost constant. The intensity ratio of the two emission
lines at 596 and 436 nm showed a linear evolution with temperature from 293 to 353 K (see

Figure 1.17b). The system showed a temperature resolution of about 0.5 K, combined with the
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high stability and good dispersion in aqueous solution of the microspheres, which suggests they

have promising applications in vivo temperature sensing.
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Figure 1.17. (a) Evolution of the photoluminescence spectra of the dual-emission fluorescent microspheres
containing carbon dots and Au nanoclusters covered by a TiO, layer when temperature increased from 293 to 353 K; (b)
intensity ratio of the 596 and 436 nm emission bands plotted against temperature and temperature resolution (blue line,

right axis) [121].

1.4.4 Polymer-based systems

Polymers are chemical compound or a mixture of compounds formed by
polymerization and consisting from essentially repeating structural units [122]. Polymers have
very distinct characteristics, some of them being thermoplastic, others very resistant to
chemicals and even can be both thermal and electrical insulators [122]. Another attractive
feature of polymeric materials is the possibility to alter their electronic and spectral properties
through the attachment of different functional groups in their polymeric backbone [123, 124].
Furthermore, polymers have been used for encapsulation of other luminescent materials for
incorporating their properties [125-127].

It is not clear who observed first the variation of the fluorescence emission of polymers
with temperature, but to the best of our knowledge, the earliest work was done by J. Yang and
co-workers, who showed the temperature dependence of fluorescence of ladder-like
polyphenylsilsesquioxane (LPPS) and ladder-like 1.4-phenylene-bridged polyvinylsiloxane
(LPPVS) [128]. Excimers are excited-state complexes formed by a couple of chromophores in
aromatic synthetic polymer placed face to face at short distance. Monomer is
a compound whose molecules can join together to form a polymer. The excimer to monomer

intensity ratio of a diluted LPPS solution shows a double linear Arrhenius plot with a break
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point which is attributed to a transition induced by temperature involving the formation and
dissociation of an excimer in the solution (see Figure 1.18a). In the case of LPPVS, the
Arrhenius plot versus 1/T presented a simple linear variation with a positive slope that can be

used in temperature sensing applications (see Figure 1.18b).
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Figure 1.18. (a) Arrhenius plot of the intensity ratio between excimer and monomer for LPPS; (b) logarithm

of the intensity ratio excimer and monomer versus inverse temperature for LPPVS [128].

Almeida et al. demonstrated that the fluorescence emission intensity of the 3-(N-
pyrrolyl)propyldansylglycinate (PyPDG) polymer is enhanced as the temperature increased,
indicating that the fluorescence of this compound is due to a thermally activated process. Thus,
it can also be considered to be a promising candidate for temperature sensing applications [129].

Besides the strong changes observed in the fluorescence emission intensity with
temperature, the fluorescence lifetime of the polymers can also be an efficient parameter to
monitor temperature [38, 130]. Graham et al. demonstrated an important variation of the
fluorescence lifetime of 4-N-(2-acryloyloxyethyl)-N-methylamino-7-N,N-
dimethylaminosulfonyl-2,1,3-benzoxadiazole (DBD-AE) with N-isopropylacrylamide (NIPAM)
copolymer as the temperature increased [38]. The fluorescence lifetime value of this copolymer
increased from 3 ns to 13 ns in the range of temperature 296 — 311.3 K (see Figure 1.19a). The
strong temperature dependence was attributed to a phase transition that involved changes in the
microenvironment of the copolymer. As a practical application of that copolymer for
temperature sensing the authors recorded fluorescence lifetime microscopy images (see Figure
1.19b), mapping temperature changes in a microfluidic device (see Figure 1.19c). A thermal

resolution of <0.1 K was estimated for this copolymer.
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Figure 1.19. (a) Evolution of the fluorescence lifetime of poly(DBD-AE-co-NIPAM) with temperature; (b)
fluorescence lifetime image of the microfluidic chip with incorporated copolymer; (c) temperature profile along the line

indicated in (b) [38].

However, the main drawback of the polymer systems is the short operational
temperature range limited to the phase transition and the hysteresis kind of response in the
output for the same value of temperature depending on if the temperature is increasing or
decreasing [23]. Although the phase transition can be extended to 334 K [131] and hysteretic
response can be reduced by using PEG-based methacrylates [132, 133].

1.4.5 Lanthanide-doped nanoparticles

Lanthanide (Ln%*) ions are characterized by an incomplete 4f shell that is shielded from
the effects of the crystal lattice by their outer filled shells [90]. When incorporated in a material,
their emissions appear as narrow spectral lines and their luminescence lifetime are relatively
long (from s to ms) [90]. The intensity of the luminescence lines of Ln®* ions depends on many
parameters, like pressure, pH, oxygen and, the most critical one, temperature [90]. The earlier
Ln3*-doped materials used for temperature sensing applications were also known as

thermographic phosphors [134] and temperature-sensitive paints [135]. In those cases, the
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excitation was usually performed by an ultraviolet or a visible light source. Basically, two
methods of determination temperature were employed, the temporal and the spectral methods
[136, 137]. Both methods allow punctual or two-dimensional measurements to be performed. As
an example, thermal resolutions of 0.08 K and spatial resolutions of 0.7 um were obtained using
a metal stripe covered with a thin film of predeutero-PMMA polymer heavily doped with
europium thenoyltrifluoroacetonate complex whose photoluminescence intensity drops rapidly
with temperature [138]. Another fascinating work was done by Suzuki et al. on measuring of
thermogenesis in a single HeLa cell. The temperature was monitored by following the
quenching of the emission of the Eu®* thenoyltrifluoroacetonatetryhydrate (Eu-TTA) dissolved
in dimethylsulfoxide (DMSO) and placed in a micropipette that was in physical contact with the
HeLa cell [139]. A scheme of the experimental setup is shown in Figure 1.21a. It consists on an
inverted microscope with an objective, mercury lamp and filter wheel with 480 and 365 nm
bandpass filters for the excitation filters of Eu-TTA and Fluo-4, respectively and then were
imaged by CCD camera. The recorded images were then digitized by a frame grabber and
analyzed. Eu-TTA was gently pressing the cell to ensure good contact with the cell membrane,
and Fluo-4 was separated at least 20 mm from the cell, served as a reference thermometer.
Temperature change was estimated by the use of calibration curve illustrated in Figure 1.21b,
indicated a strong dependence of the Eu-TTA fluorescence on temperature. The intensity

reduction rate was found to be close to 3 % K.
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Figure 1.21. (a) Schematic illustration of the setup; (b) fluorescence intensity as a function of temperature for Eu-TTA
fluorophor [139].

Another example of using Ln**-doped nanoparticles devoted to the luminescence
nanothermometry is based on the NIR emission generated from the Nd3* ion [32, 88, 140, 141].
The works of Carrasco [32] and Rocha [88] were already described in detailed in the section 1.2

and 1.3.3, respectively. Wawrzynczyk et al. reported a multifunctionality of the Nd** doped
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NaYF,4 nanoparticles, acting as a heaters and nanothermometer (at low excitation power) [140].
The heat generation was attributed to the cross-relaxation (CR) process: (*Farz; “lor2) / (*lisp;
*11512), followed by a non-radiative depopulation of *I; (J = 15/2, 13/2, 11/2) occurring between
neighboring Nd®* ions in heavily doped samples. The temperature sensing was done through the
FIR of emissions from two closely spaced Stark components of “Fs, energy level and located at
863 and 870 nm. The maximum thermal sensitivity was found to be 0.12 % K™ at room
temperature [140].

Depending on the criteria, whether the luminescence under analysis is generated by a
single type of lanthanide ion or by a combination of different lanthanide ions, the Ln**-based
luminescence nanothermometry can be classified into two groups: single-center Ln®*- and multi-
center Ln®*-based luminescence nanothermometry [142]. Brites et al. developed a multi-center
molecular thermometer, which show a high photostability and flexibility for thin film
fabrication, based on the ratiometric emission intensities arising from Eu®* and Th®*, located at
612 and 545 nm, respectively [24]. The spatial resolution was limited by the size of the detector
(1-10 um) with a maximum thermal sensitivity of 4.9 % K2, being the highest value compared
with other multi-centers Ln**-doped systems. The application of such nanothemometer was
describe in section 1.2 as temperature mapping of electronic circuit for detecting “hot spots”.

Another example on efficient multi-center Ln®*-doped system was shown by Ishiwada
and co-workers [143]. They developed a phosphor thermometer based on Tb%*, Tm®* co-doped
in Y20; particles that operated in a wide temperature range from 323 — 1123 K. The ratio
between the intensities of the Tm** emission in the blue at 466 nm and the green emission of
Th3* at 540 nm is strongly temperature dependent, as can be seen in Figure 1.22a, together with
the ratio of other emissions analyzed by the authors. The emission of Tm3* does not change
when temperature increased while the emission of Th3* is fully quenched at 1123 K. Moreover,
they noticed that the color of the emission arising from the particles also changed when the
temperature increased, as can be seen in the Figure 1.22b. Thus, they suggested that it would be
possible to measure the temperature not only by analyzing the intensity ratio but also by
observing the color change visually. However, the authors did not provide information on

thermal sensitivity of such system.
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Figure 1.22. (2) Temperature dependence of the intensity ratios of different emissions in Th®, Tm**-codoped
Y,0; particles; (b) images of temperature-sensitive visible photoluminescence of Th**, Tm**-codoped Y,O; particles as

a function of the dopants concentrations [143].

1.4.5.1Upconverting nanoparticles

Of particular interest are those Ln®*-doped luminescent thermometers based on
upconversion nanoparticles. These nanoparticles absorb light in the NIR region of the
electromagnetic spectrum, and emit light in the visible range [144]. As was pointed out before,
pumping in the NIR allows overcoming problems related with the background fluorescence
arising from biological tissues and the potential damage that UV light can generate in the
surrounding tissues. Moreover, the NIR lasers used to excite those UCNPs are cheaper and more
powerful than the UV lasers. Finally, the use of NIR radiation also preserves the operative
lifetime of the phosphors used, in comparison with those illuminated with UV light that might

be damaged by this radiation, shortening their operational lifetimes [145].
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1.4.5.2 Upconversion mechanism

Upconversion refers to nonlinear optical processes in which the sequential absorption
of two or more photons leads to the emission of light at shorter wavelength than the excitation
wavelength (anti-Stokes type of emission). The upconversion process involves a number of
different mechanisms, and roughly includes (see Figure 1.23): (i) ground state absorption (GSA)
— results in the promotion of electrons in an ion from its ground state (G) to an excited state
(Ey); (ii) excited state absorption (ESA) — results in the absorption the of a photon by electrons
of an ion that are already in an excited state, and their promotion to an even higher excited state
(E2); (iii) energy transfer upconversion (ETU) — in which one photon is absorbed by the
sensitizer ion, but the energy is subsequently transferred to a neighboring emitting ion, whose
electronic population is excited to a high energy state [146]. This, energy transfer mechanism
between two ions, both in excited states, leading to an emission line at short wavelengths was
first mentioned by Bloembergen in 1959 [147] and first experimentally demonstrated by Auzel
in 1966 [148]. In the same year, he discovered that the upconversion emission originating from
ESA was not easily observable, mainly owing to the fact that the second photon to be absorbed
must be captured by an electron in an intermediate state, where the electronic population is
usually rather low [149].

Important requirements to observe the phenomenon of upconversion are the existence
of long lifetimes of the excited states and a ladder-like arrangement of the electronic energy
levels with similar energy separation, which can be found in certain ions of the d and f elements
[147]. The properties of the host matrix and its interaction with the dopant ions have also a
strong influence on the upconversion process. The host matrices with the low phonon energy,
good chemical stability and low lattice impurities would be a perfect choice for efficient

upconversion processes [150].
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Figure 1.23. Upconversion mechanisms: ground state absorption (GSA) followed by the excited state absorption

(ESA) and energy transfer upconversion (ETU). Upward arrows represent the excitation of an electron to the higher
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energy level, downward arrows — radiative relaxation, dotted downward arrow — nonradiative relaxation, dotted upward
— indirect excitation of an electron. Dotted curved arrow — energy transfer

In contrast to other emission processes based on multiphoton absorption, upconversion

can be efficiently excited even at low excitation densities [144]. The most efficient UC

mechanisms are present in solid-state materials doped with rare-earth ions [151].

1.4.5.3 Single-center Ln**-UCNPs nanothermometry

There are plenty of examples in the literature of Ln3*-based UCNPs luminescence
nanothermometry. As in the case of Ln3*-doped materials, UCNPs can be distinguished between
single-center Ln3*-UCNPs and multi-center Ln®*-UCNPs.

Different Ln®* ions have been used in single-center Ln3*-UCNPs nanothermometry.
Er® is the most used one because of its very intense green emission that consist of two
luminescence bands centered at 520 and 540 nm, arising from two thermally coupled electronic
levels (“Ss and 2Hii, respectively) and whose relative intensity is strongly temperature
dependent [152-154]. Normally, the single-center systems for nanothermometry are sensitized
by Yb®, because its absorption cross-section at 980 nm is larger than that of other Ln3* ions in
this region. Furthermore, Yb®* can efficiently transfer the absorbed energy to other Ln®* ions,
such as Er®*, Tm® and Ho®', because they have almost resonant energetic levels [155].
Furthermore, Yb®* only presents one excited energy level in its electronic structure, reducing the
possibility for non-radiative losses.

In 1990 Berthou and Jorgensen reported for the first time thermal measurements using
the thermally coupled electronic levels S, and 2Hiy, of Eré* ion for temperature measurement
with the FIR technique [156]. They compared the thermal response of different Er®*-doped
fluorides matrices (BIZYT and ZBLA) in the 293 — 473 K temperature range. Figure 1.24 shows
the intensity ratio of the ?Hi1/12 and “Sz, emission lines as a function of temperature in one of
these fluorides (ZBLA glass). However, they did not analyze the thermal sensitivity of those
systems. Since then, new ideas on using temperature dependent transitions of Er®* have been
developed [152, 154, 25, 157]. One of the most remarkable works was done by Aigouy and co-
workers that modified the scanning tip of an atomic force microscope by attaching Er3*, Yb3*

nanoparticles to it as describe before in section 1.2 [25, 157].
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Figure 1.24. Intensity ratio versus temperature of the two green emissions of Er®* ina 2 % Er®*, 9 % Yb%* ZBLA

glassfluoride optical fiber after excitation at 972 nm [156].

Vetrone et al. used Er®*, Yb3*codoped NaYF4 nanoparticles which is a material widely
used in upconversion applications especially as an intracellular nanothermometer because of its
outstanding luminescence brightness, low toxicity and good chemical and physical stability. The
authors internalized Er®*, Yb®codoped NaYF, upconversion nanoparticles in HeLa cells and
monitored their death induced by heat using the ratio between the intensities of the 525 and 545
nm (Iszs/ls45) emission bands of Er3* [152]. The temperature of the cell was varied by means of a
metallic platform connected to a resistor, by changing the applied voltage the cell temperature
could be varied. Figure 1.25 shows the Isps/lsss intensity ratio of the nanothermometers changed
with the applied voltage that permitted measurement of the internal temperature of the
illuminated HeLa cell with internalized Er®*, Yb*codoped NaYF4 nanoparticles.
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Figure 1.25. Optical transmission images of an individual HeLa cell at three different temperatures. Temperature of the
HeLa cell determined using the ratio between the intensities of the 525 and 545 nm emission bands of Er®* ion as a
function of the applied voltage [152].
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Besides Er®* ion, Tm3* has also the electronic levels that are thermally coupled and can
be used in ratiometric thermal sensing purposes [158-160]. Wang and co-workers analyzed the
thermal properties of the luminescence arising from Tm3*:NaYbF,@SiO, core-shell
microparticles and they found that the D, and G, energy levels of Tm3* are thermally coupled
[149]. Dong et al. used Tm®,Yb®*:CaF, nanoparticles to perform biocimaging in HeLa cells and
demonstrated the potentiality of these nanoparticles as nanothermometers [158]. They found that
the ratio between different luminescent lines, generated from thermally coupled sub-Stark levels
belonging to the 3Hy4 excited state of Tm3*, follow an almost linear tendency with temperature.
The emission spectra of the Tm®*,Yb3®*:CaF, nanoparticles at two different temperature is shown
in Figure 1.26a. It can be seen that the intensity of the peak located at 790 nm did not change,
when the temperature increased, while the intensity of the peak located at 800 nm increases. The
linear tendency of the ratio between the intensity of these two peaks with temperature is shown
in Figure 1.26b.

:(E [ T '—26"'(:. v v v

£ [(a) 100} o (b)

=

£ S 0.98}

< :

= 3

— + 0.96}

cF

S

= 750 780 810 840 Y 25 30 35 40 45 50
Wavelength (nm) Temperature (°C)

Figure 1.26. (a) Emission spectra of Tm®*, Yb3"-codoped CaF, nanoparticles recorded at two different temperatures; (b)
the ratio between the intensities of the fluorescence lines located at 790 and 800 nm with temperature. Solid lines are
guides for the eyes [159].

Several works have explored the temperature sensing properties of Ho®**-doped and
Ho®, Yb®* co-doped systems [161-165]. Xu et al. analyzed the dependence of the luminescence
generated from Ho®*, Yb®* co-doped CaWOQ, nanoparticles with temperature. The ratio between
the intensities of the upconversion emissions centered at 455 and 490 nm, arising from
theSF,3/°Ks and 5Ge/°F; states of Ho®*, respectively, follows an exponential dependence with
temperature, that can be fitted with a Boltzmann type distribution equation These energy levels
have an appropriate energy separation considered to be thermally coupled [161]. The same kind
of behavior was observed in Ho**, Yb%, Zn?:Y,03; phosphors by Pandey and Rai [162]. The

incorporation of Zn?* in the host matrix in that case provided an enhancement of the intensity of
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the emission. The maximum thermal sensitivity obtained in that case was about 0.3 % K at 673
K. Another interesting work was done by Lojpur and co-workers in analyzing the temperature
dependence of the intensities of the emissions of Ho®*,Yb%*:Y,03; and Tm®*,Yb3®*":Y,03 powders
[165]. They found that the thermal sensitivity of the ratio of the intensities corresponding to the
bands located at 536 and 772 nm in Ho®*,Yb%*:Y,0s particles achieved a value of 9.7 % K,
which is the highest ever found in Ln®*-doped systems. The ratio of intensities of the emission
lines analyzed by these authors in Ho%*,Yb%:Y,03 powders is presented in Figure 1.27a and
their thermal sensitivities in Figure 1.27b [165]. However, the authors did not provide any
information on how they calculated this thermal sensitivity. Also it has to be taken into account
if the emissions considered arise from two thermally coupled energy levels since they are

separated by more than 200 nm. If not, the FIR technique cannot be used strictly speaking.
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Figure 1.27. (a) Evolution of the intensity ratio between the emissions located at 536 nm relative to those located at 758
nm, 764 nm and 772 nm Ho*, Yb** co-doped Y,O; particles (black, red and green symbols, respectively); (b) thermal

sensitivities of the intensity ratios considered in (a) [165].

1.4.5.4Multi-center Ln3*-UCNPs nanothermometry

The ratiometric systems for temperature determination based on the analysis of the
emission intensity of thermally coupled energy levels proved their potentiality in various
applications [152, 154, 25, 157]. However, those systems still suffer from a low thermal
sensitivity. One of the ways to increase this sensitivity would be to use ions with pairs of
thermally coupled energy levels located at a larger energy difference. However, if the distance
between these levels is too large, then thermalization is no longer observed. Moreover, when the
energy difference is very large, the electronic population, and hence the fluorescence intensity,
of the upper level will decrease, which may introduce problems in detecting the emission arising
from it [75].

Another way that has been explored to increase the thermal sensitivity is the use of

multi-centered Ln%*-UCNPs nanothermometry, which is based on the incorporation in a
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luminescent compound of two different Ln®* ions (both as emitters), whose luminescence
intensities or at least that arising from one of the ions are strongly temperature dependent [55]. It
has been shown that such systems are excellent candidates for noncontact temperature
measurements with high sensitivities [166]. However, there are only few works on the multi-
center UCNPs-based nanothermometry. Pandey and Rai were studied the temperature dependent
blue upconversion emission generated from the Ho®*, Yb%, Tm®* :Y,03 phosphors [167].
Intensity ratio of the two emission lines at 477 and 488 nm, arising from the radiative transition
1G4 — 3Hs of the Tm3* ion and °F; — 5l of Ho®* ion showed a linear tendency in 303-703 K
temperature range. A thermal sensitivity in this case was found to be 0.7 % K™ [167].

Zheng and  co-workers have  designed a  core-shell  nanostructure
(NaGd:Yb*/Tm3*@Tb3/Eus*) for ratiometric multi-centered nanothermometry, which exhibit a
high sensitivity of (1.2 % K™) in the range of temperatures from 125 to 300 K based on the
emissions of Th® at 545 nm and Eu®* at 615 nm [166]. Tm®* and Yb®* ions are present in the
core of nanoparticles to harvest NIR photons and then promote the energy to the shell through
two-step energy transfer via Yb*-Tm®*-Gd** [168]. Finally Gd**, present both in core and shell,
transfers the energy to Tb®* and Eu®* that finally emit (see Figure 1.28a). The proposed energy

transfer mechanism in Figure 1.28b.
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Figure 1.28. (a) Schematic design of a lanthanide-doped Yb®, Tm*:NaGd@Tb*, Eu**coreshell
nanoparticles for energy migration-mediated upconversion; (b) proposed energy transfer mechanisms in the core-shell

nanoparticles [166].

1.46  Complex systems

Sometimes simple systems may not meet the need for high thermal sensitivity and high
thermal resolution nanothermometry. In order to improve the sensing properties, more complex
systems have been designed [169-172]. A hybrid complex system based on Rhodamine 6G
(R6G) and Er®*,Yb®*:NaYF, nanoparticles were developed by Chen et al [173]. The authors
combined the Ln%*-doped nanoparticles and Rhodamine 6G to create a hemispherical

microstructure using the hydrophobic properties of distributed Bragg reflector substrate due to
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Forster resonance energy transfer mechanism from the Ln3*-doped nanoparticles (as the donor)
to the dye (as the acceptor). An scheme of the experimental setup is shown in Figure 1.29.
Continuous wave diode laser of 25 W at 980 nm was used as an excitation source.
Upconversion emission from the microstructures were collected by a 50x microscope and
delivered to a spectrometer via an optical fiber. Heater with controllable temperature and
position was used to vary the temperature. The authors estimated a thermal sensitivity of 1 % K-
1 over the physiological temperature range (298 — 318 K) and 27 % K'* in the higher temperature
region (320 — 330 K) [173].
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Figure 1.29. Scheme of the experimental setup for temperature sensing of individual microstructures [173].

Ceron and co-workers developed a system based on the combination of a Nd**-doped
NaGdF, nanoparticles and semiconductors PbS/CdS/ZnS quantum dots were encapsulated in
poly(lactic-co-glycolic acid) (PLGA) polymer [174]. An scheme of the PLGA nanostructures
encapsulated both Nd**-doped NaGdF, nanoparticles and semiconductors PbS/CdS/ZnS QDs is
shown in Figure 1.30a and their compositional analysis in the Figure 1.30b. The system was
rationally design to emit in the range of the wavelengths from 1000 — 1350 nm, where the
absorption and scattering of the biological tissues is minimized, so called second biological
window [175-177]. The thermal sensitivity achieved (2.5 % K1) is the highest reported up to

now on luminescent nanothermometers operating in the first biological window [174].
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Figure 1.30. (3) Schematic view of the PLGA nanostructures encapsulated both Nd**-doped NaGdF, nanoparticles and

semiconductors PbS/CdS/ZnS quantum dots; (b) qualitative composition of nanostructure (atomic %) [174].
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Xiao et al. also designed a hybrid complex based on the Forster resonance energy
transfer (FRET) mechanism [178]. Red and NIR dual emitting Ln3*, Mn?*:NaLuF4 upconversion
nanoparticles acted as energy donors for Au nanoparticles as acceptor. Additionally they used
poly(N-isopropylacrylamide) (PNIPAM) polymer to control the distance between the donor
UCNPs and the acceptor Au nanoparticles. An scheme of the proposed nanocomposite is
illustrated in Figure 1.31. The spectrometer was set to monitor the emission intensity from the
transitions corresponding to *Ferz — *l1s (Er®*) at 660 nm and 3Hs — 3Hg (Tm3*) at 800 nm,
respectively, in the temperature range of 298 — 328 K. The thermal resolution of the
nanocomposite was found to be 0.9 K [178].
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Figure 1.31. Schematic illustration of the switchable FRET made of donor Ln®,Mn?*:NaLuF, UCNPs and Au

nanoparticles as acceptor nanocomposites, spaced by PNIPAM polymer [178].

These complex systems can be modified to generate multifunctional systems. For
example, Debasu et al. combined Ln%*-doped nanoparticles and Au nanoparticles to form a
multi-function nanoplatform that can be used as a heater and as a nanothermometer [179]. Ln%*-
doped nanoparticles served as nanothermometers and Au nanoparticles as nanoheaters. A
transmission electron microscope image of the nanocomposite can be seen in Figure 1.32a. The
local temperature was ascertained from a Boltzmann distribution in the range from room
temperature to 1050 K with a thermal resolution of 0.3 — 2 K and a thermal sensitivity of 1.5 %
K. In the range 1200 — 2000 K, temperature was calculated using the Plank law with a thermal
resolution of 4 — 13 K. Changing the concentration of the Au nanoparticles the authors could
modulate the FIR of UCNPs and consequently the surface temperature induced by the Au
nanoparticles (see Figure 1.32b) [179].
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Figure 1.32. (a) Transmission electron micrograph of the Er®*,Yb%*:Gd,O; UCNPs decorated with Au nanoparticles; (b)
evolution of FIR with the pump power of UCNPs with different concentration of Au nanoparticles [179].

15 Aims of the thesis

After analyzing the literature, we detected some ways in which we could contribute to
expand the field of luminescence nanothermometry to other materials, combination of ions,
schemes of detection, etc. Our goal is to study the temperature dependence of the luminescence
properties of optically active Ln®* ions in different host matrices, including KLuU(WOQO4),
(KLuW), GdVOs4, NaYFs and NaY2FsO and to explore with them different techniques of
luminescence nanothermometry that could be potentially improved by the use of these materials
and identify potential applications for them.

But we did not limit our objectives here, we also explored if these nanoparticles might
present additional properties, especially if they can also be used as photothermal converters for
photothermal therapy. Also in this field we studied the photothermal conversion efficiency of
grapheme and graphene oxide putting in context the results obtained by comparing them with
those of the most common photothermal agent nowadays, Au nanorods. Moreover, we have
developed a new method for determining the photothermal conversion efficiency by using an
integrating sphere that would not only be valid for grapheme but for other photothermal agents.

Furthermore, we also analyzed the present detection technology for the luminescence
of these nanothermometers and explored some modifications to develop compact and faster

luminescence nanothermometer setups.

1.6 Structure of the thesis

Apart from this introduction, the thesis has been structured in the following way:
Chapter 2 will be focused on the experimental techniques used in this thesis.
Chapter 3 will be focused on the new detection techniques of luminescence

nanothermometry. Here we present the potential use of Er® Yb*:NaYF, and
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Er¥,Yb%*:NaY,FsO upconversion nanoparticles as thermal sensors by means of lifetime-based
luminescent nanothermometry. In this chapter we also present a thermochromic temperature
sensor based on the blue to deep red color change of the upconverted light from Yb3*-sensitized
Tm%*-doped GdVO,@SiO; core-shell nanoparticles.

Finally, we also present a novel low-cost non-invasive temperature sensor that uses a
digital color sensor to capture simultaneously the emission in the blue, green and red region of
electromagnetic  spectrum. Two kinds of upconversion nanoparticles, including
Er¥*,Yb*:NaYF, and Yb3*-sensitized Tm3*-doped GdVO,, were tested in order to prove the
potentiality of this setup for temperature sensing.

Chapter 4 will be focused on the new materials we used in luminescence
nanothermometry. We studied the temperature dependence of the upconversion emission in the
green and the red regions of the electromagnetic spectrum of Ho®*,Yb3:KLuW nanocrystals
after excitation at 980 nm. Also, we studied the upconversion emission of triply doped
Ho®* Tm®, Yb*:KLuW nanocrystals in the range of temperatures 296-673 K at different
excitation wavelengths. Also, we report the synthesis of Er®*,Yb*:NaYF, nanoparticles by a
microwave-assisted solvothermal method and evolution of the upconversion emission spectra of
these nanoparticles for their use in luminescence thermometry. Finally, we show the temperature
dependent luminescence of Er®*,Yb%*:GdVO,@SiO; core-shell nanoparticles and determined
their thermal sensing properties through the fluorescence intensity ratio (FIR) technique.

Chapter 5 is focused on the nanothermometry in the first, second and third biological
windows. Temperature dependent characterization of the upconversion emission arising from
silica-coated Tm?*, Yb*:GdVO, core-shell nanoparticles with different concentrations of Tms3*
are presented. Also Nd*-doped KGd(WO.). nanoparticles were investigated. Finally, we
include infrared emission in the 1.4 — 2.1 pm range generated from Er®* and Tm® ions
sensitized by Yb® in the different host matrices after excitation at 980 nm, and analyzed their
possibilities for temperature sensing purposes. Moreover, the excitation of Tm3* at 808 nm was
analyzed.

Chapter 6 is focused on the photothermal materials we analyzed that can efficiently
convert the NIR light into heat. We developed a fast and effective method for determining the
efficiency of the heat production after laser illumination for these materials based on the use of
an integrating sphere. Moreover, we demonstrate the multifunctionality of the Ho®*, Tm3% co-
doped KLuW nanoparticles, which have ability to generate heat when illuminated at 808 nm, as
result of as a consequence of the non-radiative processes between Ho®*" and Tm3* ions.

Finally, we expose the conclusions of this thesis.
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CHAPTER 2

Experimental techniques

In the following chapter, the different experimental techniques used in this thesis are
described. First we start with the synthesis methods for luminescent nanoparticles used in this
thesis, such as the Pechini, the conventional hydrothermal and the hydrothermal accompanied
with microwave oven methods. Also the synthesis of the core-shell nanostructures by a
hydrothermal method is commented. Later, some structural characterization techniques are
presented, including X-ray diffraction and Raman scattering. After, the electron microscopy
characterization techniques, which are fundamental in the area of nanomaterial science, such as
transmission electron and environmental scanning electron microscopes are discussed. Finally,
the chapter ends with the spectroscopy characterization techniques, including optical absorption,

photoluminescence and lifetime measurements.
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2.1 Synthesis of luminescent nanopatrticles
211 Sol-Gel synthesis: the Pechini method.

The sol-gel synthesis method was developed in the 1960s, mainly due to the need of
new synthesis methods in the nuclear industry to reduce dust and sintering temperatures [1]. Sol
is the name of a colloidal solution made of solid particles, a few hundred nm in diameter,
suspended in a liquid phase. A gel can be considered as a solid macromolecule immersed in a
solvent. Thus, the sol-gel process consists in the chemical transformation of a liquid (the sol)
into a gel state with a subsequent thermal post-treatment and the transition into a solid material
[2]. The main benefits of the sol-gel processing are the high purity and uniform nanostructure of
compounds achievable at low temperatures [1].

In 1967 Maggio P. Pechini proposed a modification of sol-gel method to prepare lead
and alkaline earth titanates and niobates by using resin intermediates [3]. This method is a useful
technique for the preparation of high purity dielectrics materials with a precise control of their
stoichiometry, avoiding the high temperatures and high vacuum pressures required to vaporize
oxides [3]. Since then, this modification of the sol-gel method is known as the Pechini method.

We used the Pechini method to synthesize monoclinic potassium rare-earth tungstates,
(K(RE)WOs),), following the procedure of Galceran et al. [4]. The main advantages of the
monoclinic potassium lutetium double tungstates KLu(WOu4), (KLuW) are the very high values
of the absorption and emission cross-section of the rare-earth dopants, partly due to the strong
anisotropy of these biaxial crystals and the possibility to dope them with high concentration of
the active ions without substantial fluorescence quenching. The KLuW host matrix is very
suitable for doping with Yb3* because of the close ionic radii and masses of Yb3* and Lu®* and
the close lattice parameters of the isostructural KLuW. KLuW are widely known as hosts for
active ions to constitute a solid-state laser material [5]. The method is described below and a
scheme of the synthesis process is presented in Figure 2.1.

Q) Analytic grade oxides of the elements contained in the nanoparticles were
dissolved in hot nitric acid in stoichiometric proportions to form the nitrate
precursors. The excess of nitric acid was evaporated by slow heating.

(i) An aqueous solution of ethylenediaminetetraacetic acid (EDTA), as the
chelating agent, was mixed with the tungstate precursor and added to the
nitrate precipitates in a specific molar ratio (') in order to prepare the metal

complexes:
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_ [EDT A] _
M [METAL]
where [EDTA] and [METAL) corresponds to the concentration of EDTA and metals
present in the solution.
(iii) The solution was heated to 353 K under magnetic stirring until complete
dissolution.
(iv) Then, ethylene glycol (EG), as the esterification agent, was added to the

mixture with a ratio:

_ [EDTA] _
£ [EG]
(v) The solution was heated at 423 K in order to evaporate the water and generate

the polymeric gel.

(vi) After that, the polymeric gel was calcinated at 573 K for 3 h to obtain the
precursor powders.

(vii) A final annealing at 1023 K h was carried out for 2 h to eliminate the organic

compounds and crystallize the desired nanoparticles.
. Heatingat 353 K EG Calcination at
+stirring I 573 Kfor3 h
Oxides + Nitrates Dissolution Lanthanide Polymer Precursor . Nanocrystalline
HNO; ! f‘ inwater complexation gel powder |§ powder
vaporation tungstates ata23 K 1023 K for 2 h

Figure 2.1. Scheme of the procedures followed in the modified Pechini method to produce monoclinic potassium rare-

earth tungstates.

2.1.2 Hydrothermal method

The hydrothermal synthesis method uses the solubility in water of almost all inorganic
substances at elevated temperatures and pressures and the subsequent crystallization of the
dissolved material from the fluid [6]. Among the low temperature methods, the hydrothermal
method is very versatile for the synthesis of nanomaterials [7]. Synthesis reactions can be
carried out in a temperature range of 373 to 1273 K or more and in a pressure range of 1
atmosphere to several thousand atmospheres [7]. The reactions can be carried out in water or in
any other solvent. When water is used as solvent, the process is called ‘hydrothermal’. When
any solvent including water or organic solvents such as methanol, ethanol, polyol, etc. are used

the process is called ‘solvothermal’. Two different operation modes can be distinguished. The
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first one is the autogeneous pressure range mode, where the pressure of the closed system is
given by the temperature applied to the system. However, the autogeneous pressure at a given
temperature often is not sufficient for the necessities of hydrothermal processing. An alternative
is the high pressure mode in which water at an external pressure, more elevated than the
autogeneuos equilibrium water vapor pressure, is used [6].
Temperature, the water pressure and the reaction time are the three principal physical
parameters in the hydrothermal synthesis method. The autogeneous hydrothermal method at low
temperature was used to synthesize Er®*, Yb3* and Tm®, Yb®" co-doped GdVO, nanoparticles at
the Instituto de Ciencia de Materiales de Madrid (ICMM) [8]. GdVO4 is well established host
possessing relevant characteristics related to crystal phase stability up to full Ln®* replacement
of Gd*. Moreover, like KLUW it possess a high optical absorption and emission cross-section
values for the Ln doping ions, relatively high thermal conductivity, and moderated cut-off
phonon energy [9]. An scheme of the synthesis procedure is presented in Figure 2.2. The steps
involved in this preparation method are:
(i) Preparation of an aqueous solution of the required amounts of the lanthanide
nitrates and NH4V O3 with the pH adjusted to 7 by adding dilute NH4sOH under
stirring during 1 h.

(i) Hydrothermal treatment of, the solution at 458 K during 24 h in sealed Teflon-
lined autoclaves with a capacity of 75 ml.

(iii) Separation of the obtained product by centrifugation, wash several times with

distilled water and dry at 393 K in open air.

(iv) Annealing of the samples at 875 K for 5 h to improve the emission efficiency

of the nanoparticles.

Stirring
1h

| NH,OH untilpH 7 | |

ICentrifugation I | Annealingat873 Kfor 5h |

Aqueous Teflon-lined Hydrothermal Nanocrystalline Improved emission
solution autoclave T treatment T powder efficiency

0 thd Heatingat Washed and
nitrates

Figure 2.2. Scheme of the hydrothermal synthesis method of the GdVO, nanoparticles used in this thesis.
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2.1.2.1 Preparation of core-shell Er¥*, Yb%* and Tm3*, Yb* co-doped GdVO4
nanoparticles

Several methods have been reported to improve the emission quantum yields of Ln®*-
doped UCNPs, such as optimizing the dopant concentration [10], modifying the local chemical
and structural environment [11, 12], controlling the distribution of active ions in the host
materials as well as varying the composition [13], architecture and morphology of the UCNPs
[15, 16]. The most spectacular improvement in emission intensity was observed, when the
surface of nanoparticles was passivated with an undoped shell [17]. The enhancement of the
luminescence intensity by this method can be attributed to the surface passivation in front
surface defects, preventing quenching effects and solvent effects (ligand and solvent vibrational
modes, ligand polarizability and effective refractive index of refraction).

The formation of silica-coated particles has been subject of extensive investigations for
years because of their wide commercial applications and interesting structural properties [18].
One of the main advantages when using silica among other surface coatings is that silica
coatings allow manipulation of the interaction potential and make it possible to disperse colloids
in a wide range of solvents from very polar to a polar [19, 20].

Silica coating of the Er®*, Yb% and Tm®*, Yb®* co-doped GdVO, nanoparticles with a
layer of a controlled thickness in a core-shell structure was done at the Instituto de Ciencia de
Materiales de Madrid by Dr. Concepcion Cascales. The formation of the silica coating requires a
base-catalyzed hydrolysis of tetraetoxysilane (Si(OCzHs)s, TEOS) and the subsequent
condensation of silanol groups on the surface of the nanoparticles. This was carried out by
dispersing the nanoparticles (1.5 mmol) in an ethanolic solution (40 ml) with the pH adjusted to
9 by adding 0.75 ml of NH4OH and then adding slowly 2 ml of TEOS under stirring, which was
maintained for 4 h. Finally, the obtained product was washed with ethanol, centrifuged and
dried at 393 K.

2.1.3  Synthesis of Er®,Yb®:NaYFs4 nanoparticles by the microwave-assisted
heating solvothermal method

One of the main drawbacks of the hydrothermal is the slow kinetics at any given
temperature. Many energy sources have been used in a hydrothermal system, to increase the

kinetics of crystallization, including microwaves, electric fields, and ultrasonic waves [21-23].
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The main advantages of using a microwave oven in a hydrothermal system are the
energy saving and the reduction of pollution towards the environment, because the reactions
take place in closed isolated system conditions. In contrast to the conventional heating
hydrothermal method, which requires a long time and high electric powers, microwave-assisted
heating is a greener approach to synthesize materials in a shorter time and with a lower power
[24-26].

In this thesis we used the microwave-assisted heating solvothermal method to
synthesizeYb®** (20 mol%), Er®* (2 mol%) co-doped NaYF4 nanoparticles. In general, fluoride
based host matrices of whole categories of ABF4 (A=Li, Na, K; B =Y, Gd, Lu, Sc), owing to
their good chemical stability and low phonon energy, and is widely deployed as upconversion
host materials [27]. It has been acknowledge that hexagonal (B-phase) NaYF4 doped with Ers*,
Yb3* and Yb®, Tm®" are considered the most efficient NIR to green and blue upconversion
materials, respectively [28, 29]. Crystal structure of the host matrix plays a critical role in the
optical properties of material. For example, bulk B-NaYF, doped with Er3*, Yb® has about 10
times higher upconversion efficiency than its cubic (a-phase) counterpart [30]. The phase-
dependent optical properties can be ascribed directly to the different crystal field around Ln ions
in matrices of various symmetries. However, special experimental conditions can lead to the
formation of mixed phase (a-f3) that may change optical properties in good manner.

The synthesis was done at the laboratories of Catalytic Materials in Green Chemistry
(GreenCat) group of Rovira i Virgili University. A picture of the microwave hydrothermal
processing equipment used in this thesis is shown in Figure 2.3a. High purity Y203, Yb20s,
Er,0s, thrisodium citrate (NazCsHsOy7), sodium fluoride (NaF) and ammonium fluoride (NH4F)
were used as precursor materials mixed in a stoichiometric proportion. The precursor nitrates
RE(NOs)s (RE =Y, Yb, Er) were prepared by dissolving the corresponding oxides in 10 ml of
hot nitric acid(HNO3). After, the evaporation of nitric acid, 50 ml of ethanol and the thrisodium
citrate were added to the nitrates and stirred during 30 — 60 min. In another vessel, NaF and
NaH.F were dissolved in 30 ml of hot water. Then, the two solutions were mix together. After a
vigorous stirring for 1-2 h, the solution was transferred into a Teflon bottle and placed in the
microwave autoclave, and maintained at a temperature ranging from 393 — 453 K during a
period between 3 and 6 h. After the solution cooled down to room temperature, the precipitated
nanoparticles were centrifuged at 40000 rates per minute during 30 min and washed with
ethanol and deionized water three times in sequence. Finally, nanoparticles were placed in the

oven at 353 K for drying. An scheme of the synthesis process is shown in Figure 2.3b.
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Figure 2.3. (a) Picture of the Ethos Touch Control Advanced Microwave Labstation oven used in this thesis in the
synthesis of Er®*,Yb**:NaYF, nanoparticles by the microwave-assisted heating solvothermal method; (b) scheme of the

synthesis procedure.

2.2 Structural characterization

2.2.1 X-ray diffraction

The discovery of the X-rays in 1895 by Wilhelm Roentgen and the development of the
fundamental X-ray diffraction law by W. H. Bragg and his son W. L. Bragg [31], explaining
why the cleavage faces of crystals appear to reflect X-ray beams at certain angles of incidence,
enabled scientists to probe the crystalline structure of materials at an atomic level. The
crystalline material consists of an ordered number of planes that form a crystal lattice. When the
X-ray beam falls on the planes of atoms, several processes may occur, including, transmission,
absorption, scattering and diffraction. A simple example of diffraction of an X-ray beam
produced on the planes of atoms is presented in Figure 2.4a, for which the conditions satisfying

the Bragg’s law are provided, written as:
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ni = 2dsinf (2.1)
where 7 is the order of the diffracted beam, 4 is the wavelength of the incident X-ray beam, d is

the distance between the atomic planes in a crystal, and & is the angle of incidence of the X-ray

beam.

(b)

Figure 2.4. (a) Scheme showing the diffraction of X-rays by two consecutive atomic planes; (b) X-ray diffractometer

Bruker-AXS D8-Discover diffractometer used in this thesis.

Thus, from the Bragg’s law we can easily calculate the distance between the atomic
planes, since we know A (1.54056 A in our case, corresponding to the Ko of Cu) and the angle
of incidence of the X-ray beam can be measured. An X-ray diffraction pattern records the X-ray
intensity of the detected signal as a function of &. The positions and numbers of the peaks
appearing in this diffraction pattern give insight into the crystalline structure of the material
analyzed. The intensities of the peaks are determined by the atoms present and their positions.
The observed positions of the peaks obtained from an X-ray pattern provides information about
the distance between crystal planes within a lattice [32].

Er¥* Yb3*:GdVO, and Tm?',Yb3*:GdVO, nanoparticles were characterized by X-ray
powder diffraction (XRD) using a Bruker AXS D8-Discoverdiffractometer with Cu Ka

radiation. This equipment is available at the Instituto de Ciencia de Materiales, Madrid.
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Er¥* Yb**:NaYFs;, Tm3* Ho%*:KLu(WO,), and Ho®*,Yb3:KLu(WOQ,), nanoparticles
were characterized using the same equipment available at the Servei Recursos Cientifics i
Tecnics of the Universitat Rovira i Virgili, Tarragona. A picture of this diffractometer is shown
in Figure 2.4b.

2.2.2 Raman scattering

In 1928, the Indian scientist C. V. Raman demonstrated a type of inelastic scattering
that gave rise to a new type of spectroscopy, in which the inelastic scattering of light from the
sample is analyzed, called Raman spectroscopy in his honor. When light of frequency hv;
illuminates a sample, the output spectrum of the scattered light consists of a predominant line of
the same frequency vi and much weaker side bands at frequencies vit vg. The main line
corresponds to the Rayleigh scattered light, while the side-bands spectra is the actual Raman
spectrum.

When a monochromatic laser light strikes the sample, it excites molecules and
transforms them into oscillating dipoles. These dipoles emit light of three different frequencies:

i) A molecule with no Raman-active modes absorbs a photon with the excitation
frequency vi. The excited molecule returns back to the same basic vibrational state and emits
light with the same frequency as the excitation source. This type of interaction is called an

elastic Rayleigh scattering.

i) A photon with frequency v; is absorbed by a Raman-active molecule which at
the same time of interaction is in the basic vibrational state. Part of the photon’s energy is
transferred to the Raman-active mode with frequency vr and the resulting frequency of scattered

light is reduced to vi - vs. This Raman frequency is called Stokes frequency.

iii) A photon with frequency vi is absorbed by a Raman-active molecule, which at
the time of interaction is already in an excited vibrational state. The excessive energy of the
excited Raman active mode is released, the molecule returns to the basic vibrational state and
the resulting frequency of the scattered light goes up to vi + vr. This Raman frequency is called
the Anti-Stokes frequency.

For a better understanding of the mentioned above processes, they are represented in an

energy level diagram in Figure 2.5.
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Figure 2.5. Schematic representation of an energy diagram of Rayleigh and Raman (Stokes and anti-Stokes) scattering.

The Raman spectrum has a set of properties: (i) the vr are the characteristic frequencies
of the sample (in the case of solids they correspond to phonon frequencies); (ii) Stokes and anti-
Stokes lines are found always at frequencies symmetrically located to both sides of the main line
at v;; (iii) the anti-Stokes lines are weaker than the Stokes lines; (iv) the intensity of the lines is
proportional to vi*.

To record he Raman spectra, the photons from the excitation laser are absorbed by the
sample and then reemitted. The frequency of the emitted photons is shifted up or down in
comparison with original frequency, due to the Raman effect. This shift provides information
about vibrational, rotational and other low frequency transitions in molecules. Raman
spectroscopy can be used to study solid, liquid and gaseous samples [33].

About 99.999 % of all incident photons in spontaneous Raman undergo elastic
Rayleigh scattering. This type of signal is useless for practical purposes of molecular
characterization. Only the 0.001 % of the incident light produces inelastic Raman signal with
frequencies v; = vg. Thus, spontaneous Raman scattering is very weak, and special measures
should be taken to distinguish it from the predominant Rayleigh scattering. Instruments such as
Notch filters, tunable filters, laser stop apertures, double and triple spectrometric systems are
used to reduce the Rayleigh scattering and obtain high-quality Raman spectra. Also many
different ways of sample preparation, sample illumination or scattered light detection have been
used to enhance the intensity of the Raman signal. It was found that, if the sample is irradiated
with a very strong laser pulse, a much larger portion of the incident light transforms into useful
Raman scattering and can improve the signal-to-noise ratio.
Raman spectra in this thesis were obtained in the GdS-Optronlab of the Department of

Condensed Matter Physics at the University of Valladolid, at room temperature using a Labram
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HR800 UV Raman spectrometer from Horiba-Jobin-Yvon. It was attached to a metallographic
microscope with confocal optics, and equipped with a LN»-cooled charge-coupled device (CCD)
detector. The excitation was carried out with a UV laser at 325 nm using a 40X UV microscope
objective with 0.5 numerical aperture. The scattered light was collected by the same microscope

objective, thus working in a nearly backscattering configuration.

2.3 Microscopic characterization techniques

2.3.1 Transmission electron microscopy (TEM)

Electron microscopes (EM) use the beam of highly charged electrons to examine object
of interest at a very fine scale. The specimen interaction with an electron beam is what makes
possible observe it. When the electron beam interacts with the atoms of the sample, electrons
undergo two types of scattering: elastic and inelastic. Inelastic interactions include the
generation of secondary electrons, backscattered electrons, characteristic X-rays, visible light,
and Auger, that electrons are used when examining thick or bulk specimens. Other interactions
include diffracted and transmitted electrons that are used when examining thin or foil specimens
[34].

The transmission electron microscope (TEM) was the first type of EM to be developed.
It was developed by Max Knoll and Ernst Ruska in Germany in 1931 [35]. TEM uses high
energy electrons to penetrate through a thin sample. TEM exploits three different interactions of
the electron beam with the sample: (i) unscattered electrons (transmitted beam); (ii) elastically
scattered electrons (diffracted beam); (iii) and inelastically scattered electrons (absorbed
beam).Thin samples are required to be used in this technique due to the important absorption of
the electrons in the material. The formed image is shown either on a fluorescent screen or in a
monitor or both.

It is convenient to divide a TEM system into three main components: the illumination
system, the objective lenses, and the imaging system. The illumination system consists of an
electron source (tungsten filaments) and the condenser lenses for focusing. It is necessary to use
the electron beam in a vacuum environment, since electrons are very small and can be easily
deflected by hydrocarbons or gas molecules present in the ambient. A series of pumps are used
to accomplish an adequate vacuum for this purpose in the column. The electron beam is
accelerated to an energy in the range 20-1000 keV, then the electron beam passes through a set
of condenser lenses in order to produce a beam of electrons with the desired diameter. The

objective lens and the specimen holder is where all the beam-specimen interactions take place.
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The imaging system uses several lenses to magnify the image and to focus them on the
fluorescent screen or computer display via a charge coupled detector (CCD) or a TV camera. A
scheme of the TEM equipments used in this thesis is presented in Figure 2.6a (JEOL 1011
TEM). High-resolution transmission electron microscopy (HRTEM) is an imaging mode of
the TEM system that allows for direct imaging of the atomic structure of the sample with a
resolution in the 0.1 nm range [36]. In HRTEM the voltage at which electrons are accelerated is
higher than in the TEM.

For sample preparation the nanocrystalline powders were dissolved in ethanol and
sonicated for 10 min. Several drops of the resulting suspension were deposited on a 200 mesh

copper grid coated with an amorphous thin carbon film.

; Electron source

*" First condenser lens
Condenser +— Second condenser lens
aperture
Objective
aperture
Selected area 5
aperture

*  Objective condenser lens
==__ Minicondenser lens
< Specimen
"~ Objective imaging lens
« Diffraction lens

*  Intermediate lens

** First projector lens
*  Second projector lens

A |

«_._ Projection chamber

*— Fluorescent screen

Figure 2.6. (a) Schematic representation of the JEOL 1011 transmission electron microscope system used in the thesis;
(b) picture of this TEM system.

In this thesis we used a JEOL 1011 TEM equipment operating at an accelerating
voltage of 100 kV. This equipment is available at the Servei de Recursos Cientifics i Tecnics,
Universitat Rovira i Virgili, Tarragona (see Figure 2.6b). Also, TEM measurements were
obtained with a JEOL 2000FXII microscope with an accelerating voltage of 200 kV, and high
resolution HRTEM images were obtained with a JEOL model JEM-4000EX microscope, with
an accelerating voltage of 400 kV available at the Centro Nacional de Microscopia Electronica,

Universidad Complutense de Madrid.
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2.3.2 Environmental scanning electron microscopy (ESEM)

To observe the surface of the sample, with high resolution, we can use the scanning
electron microscopy (SEM) or environmental scanning electron microscopy (ESEM). SEM uses
a focused beam of high-energy electrons to generate a variety of signals at the surface of solid
specimens to reveal information about the sample, including external morphology and chemical
composition. These signals include secondary electrons, backscattered electrons, characteristic
X-rays, visible light photons, Auger electrons, and diffracted electrons. A schematic illustration
of the electron beam interaction with the sample and the produced signals with the possible

applications is presented in the Figure 2.6 [34].

Incedent beam

Auger electrons

(surface atomic composition) Secondary electrons
(topographicalinformation)

X-rays
(thickness atomic composition)
Visible phatons Backscattered electrons
(electronic states information) (atomic number and phase differences)
Ly Wl

Diffracted electrons
(structural analysis and
high resultionimaging)

Transmited electrons
(morphological infarmation )

Figure 2.6. Electron beam interaction with the sample.

The incident electrons in SEM are generated by an electron gun using an emission from
tungsten filaments. A positive electrical potential is applied to the anode and the filament
(cathode) is heated by the beam of electrons produced. The positive potential accelerates
electrons down the SEM column. Inside the column the electrons are focused by a series of
lenses and coils and directed onto the desired point of the surface of the sample to visualize it.
To get the final image, the electron beam scans the region of interest on the surface of the
sample and the electrons of different kind emitted from the sample are detected for each position
by an electron detector [34].

In this thesis we used an environmental scanning electron microscope (ESEM). It
works under the same principle as SEM, but it uses multiple pressure limiting apertures (PLAS)

that separate the sample chamber from the column. The sample chamber contains a low pressure
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of gas. The primary electrons from the electron beam travel across the gas phase and interact
with the surface of the sample, which release secondary electrons that interact with the gas
phase producing additional secondary electrons. Also, the primary electrons interact with the gas
molecules producing ions and additional electrons, which amplify the original secondary
electron signal. In a non-conductive sample, the positive ions created are attracted to the sample
surface, and effectively suppress charging effects. One of the main advantages is that the ESEM
technique does not require sample preparation and allows to operate in “wet mode”, so it is not
necessary to coat non-conductive samples with a conductive layer like in classical SEM. Thus,
the original characteristics of the samples may be preserved for further testing or manipulation
[37].

A FEI QUANTA 600 ESEM coupled to an Oxford Inca 3.0 microanalysis system from
the Servei de Recursos Cientifics i Tecnics of the Universitat Rovira i Virgili was used to study
the morphology of the obtained nanomaterials in this thesis. A schematic overview of the ESEM

equipment and a picture of it are presented in Figure 2.7.

High-voltage

cable ( b) F

|- Wehnelt cap

(a ) Filament

Anode -

Electron beam | © .

Condensor

lens Spray

., apertures

) 4-Adjustable|

Scanning coils aperture

Objective
lens |

Backscatterred
. electron

] :1'- detectors

Energy dispersive
X-ray detector

Infrared
camera

Sample %
chamber 1
v

To pumps

Figure 2.7. (a) Schematic representation of an ESEM system; (b) picture of the FEI Quanta 600 ESEM used in this

thesis.

2.4 Spectroscopic techniques

2.4.1 Optical absorption

When light interacts with a material a number of events occur, including: (i)

absorption; (ii) transmission; (iii) reflection and scattering. In the case of absorption, the
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intensity of the light attenuation () after passing a certain material with thickness (dx) can be

written as:

dl = —aldx (2.2)
where I is the light intensity at a distance x into the medium and @ is called the absorption
coefficient of the material. The integration of equation (2.2) gives us the Lambert-Beer law [38]:

I =1 ™ (2.3)

This law gives an exponential attenuation dependence correlating the intensity of the
incoming light (;;) to the thickness of the material (x).

Optical density (OD) is another important value that we can calculate experimentally

using a spectrophotometer [39], and it can written as:

0D =log (’:—”) (2.4)
Correlating equations (2.3) and (2.4) the absorption coefficient can be estimated as:
oD 2308.0D
- xlogle) - x (25)

Thus, by measuring the @D and knowing the sample thickness, the absorption
coefficient can be determined.

A typical absorption measurement setup consists on the following elements (see Figure
2.8a.): (i) a light source; (ii) a monochromator; (iii) a sample holder; (iv) a light detector; (v) and
finally a computer to display and record the absorption spectrum.

In this thesis the absorption measurements were carried out in a Varian Cary 500 Scan
spectrometer (see Figure 2.8b), available at the laboratories of the FICMA-FICNA group at
university Rovira i Virgili. It has two monochromators that can separate 1200 lines/mm in the
UV-visible region and 300 lines/mm in the IR region of the electromagnetic spectrum. A
deuterium lamp served as the light source in the UV region and a quartz halogen lamp for the
visible-IR region. The light is detected by a photomultiplier in the UV -visible region and a PbS

diode detector in the IR region.

Computer
(a) Monochromator Sample Light
Light source l holder detector
ho A
Sod
£y
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Figure 2.8. (a) Basic scheme of a typicalsetup for absorption measurements; (b) picture of the Varian Cary 500 Scan

spectrometer used in this thesis.

2.4.2 Photoluminescence emission measurements

Luminescence can be considered as the inverse process of absorption. When light with
an appropriate frequency is absorbed by a material, its electrons promote to excited states. After
that, these electrons can return to the ground state or to a lower energy level existing in the
energetic electronic diagram of the material. This de-excitation process produced by the
spontaneous emission of photons is called luminescence. The excitation by photons, in general,
and the later emission of radiation is called photoluminescence. Photoluminescence is divided
into two categories: fluorescence and phosphorescence. Phosphorescence has longer emission
lifetimes (> 107 s) than fluorescence (> 108 s) [39].

In a typical experiment, the sample of interest is excited with a lamp coupled to a
monochromator for selecting the desired wavelength, or a laser beam. The emitted light is
collected by a focusing lens and analyzed by means of a second monochromator coupled to a
suitable detector connected to a computer.

Three kinds of setup were used in this thesis for photoluminescence emission
measurements. In the first one, samples (luminescent nanoparticles) were placed in a heating
stage Linkam THMS 600 to control the temperature of the samples, and there were excited with
a laser with emission at 808 or 980 nm. The emission arising from the samples was collected by
a set of optical lenses and dispersed in a JobinYvon HR 460 monochromator. A Hamamatsu
PMTR 928 photomultiplier tube connected to a PerkinEImer DSP-7265 lock-in amplifier was

used to detect and amplify the collected signal in the visible region of the electromagnetic
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spectrum. The system was connected to a computer for recording the photoluminescence

spectra. A scheme of this setup is shown in Figure 2.9.
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Figure 2.9. Scheme of the basic setup used for photoluminescence measurements.

The second setup, that we called luminescence microscope, consisted on the same
heating stage Linkam THMS 600, where the samples were excited using the same lasers, but
this time. The laser beam was focused on the sample by using a microscope objective. The
emission was collected by the same microscope objective, and after passing a dichroic filter to
eliminate the excitation wavelength, was sent either to a CCD camera for visualization of the
emission generated by the sample or to an AVANTES AVS-USB2000 fiberoptic spectrometer
or to an optical spectrum analyzer (OSA) Yokogawa AQ6373/AQ6375 for recording the
emission spectra. The scheme of the setup is shown in Figure 2.10a. In this thesis we used two
luminescence microscope setups, one available in the Fluorescence Imaging Group of the
Universidad Autonoma de Madrid (Madrid) and another is available at the FICMA-FICNA
laboratories of the Universidad Rovira i Virgili. A picture of these setups is shown in Figure
2.10 b and c, respectively.

The third kind of setup consisted on the homemade copper heating stage with
attached thermocouples and connected to the temperature control. Nanoparticles were glued to
the heating stage by means of conductive tape. Diode laser with emission at 800 nm was used as
the excitation source. The laser beam was focused on the sample using a convex lens. The
emission was collected by fiber at 45° with filter for complete elimination of the excitation
wavelength. The signal was sent to Ocean Optics spectrometer connected to computer for

recording of the spectrum. The scheme of this setup is shown in the Figure 2.10d. This kind of
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setup is available in the laboratories of the physics department of Universidade de Aveiro and
CICECO - Aveiro Institute of Materials, Portugal.
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Figure 2.10. Scheme of the luminescence microscope setup used in this thesis. (b) picture of the luminescence

microscope setups available (b) at the Fluorescence Imaging Group of the Universidad Autonoma de Madrid; and (c) at
the FICMA-FiCNA laboratories of the Universitat Rovira i Virgili. (d) Scheme of the setup available in the laboratories
of the physics department of Universidade de Aveiro and CICECO, Portugal.
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2.43  NIR imaging using Ln%*-doped nanoparticles

Optical imaging is emerging as promising noninvasive, real-time and high resolution
modalities for the cancer detection [40]. The optical signals can provide molecular information
of biological tissues and are related to the tumor anatomical structure as well as the tumor
metabolism and biochemistry [41]. Among the optical imaging technologies, NIR fluorescence
imaging has been attracted a lot of attention owing to its low absorption and autofluorescence
from organisms and tissues in the NIR spectral range, which can minimize background
interference, improve tissue depth penetration, image sensitively and noninvasively [42-44].
Also, much attention has been focused in recent years on the development of imaging agents
with excitation and emission falling in the region of minimal tissue absorbance. Ln®*-doped
nanoparticles have proved to be a potential tool for the NIR imaging in various in vivo and ex
Vivo experiments [45-47].

In this thesis we are using Nd*-doped KGdW and Tm®, Ho®* co-doped KLuw
nanoparticles as the agents for NIR imaging. The drop of dispersed nanoparticles in water with
concentration of 0.5 mg/ml was placed between two microscopic slides. On top of the
nanoparticles, chicken breast was placed as the materials to be imaged due to the comparable
properties with human tissue [48]. The picture of the NIR imaging setup used in this thesis is
illustrated in the Figure 2.11a, which is available in the Fluorescence Imaging Group of the
Universidad Autonoma de Madrid (Madrid). It consists on the following pieces: continuous
wave diode laser with 808 nm wavelength with variable power up to 10 W was used as an
excitation source. The distance between laser to the sample was 5 cm producing the spot around
~ 3.5 cm. Signal was collected by Peltier cooled InGaAs infrared camera Xenics with attached
filters wheel in order to collect emission of particular wavelength of interest and eliminate
excitation laser. Finally, the recorded images were passed to computer. The scheme of the setup

is presented in the Figure 2.11b.
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Figure 2.11. (a) Picture of the NIR imaging setup used in this thesis available at the Fluorescence Imaging Group of the
Universidad Autonoma de Madrid; (b) scheme of the NIR imaging setup.

2.4.4 Measurements of an absolute intensity

To compare the absolute emission intensities of the samples in order to estimate their
emission efficiencies the measurements were done using an integrating sphere. The scheme of
the setup is shown in Figure 2.12a. The sphere is made from a diffusive reflection material, so
the light generated inside the integrating sphere is spreaded evenly by multiple reflections over
the entire sphere surface, ensuring that all the generated light is detected. This makes of the
integrating sphere the ideal instrument for many applications to compare the emission properties
of the samples including laser power, optical flux, radiance and reflectance measurements. The
input and output ports of the integrating sphere can be equipped with fiber adapters. The
detector port is equipped also with a baffle to avoid the direct exposure to the incident light.

To perform these measurements, powdered samples were placed in borosilicate bottom
flat vials, slightly shaken to compact the powder, and placed inside a Labsphere 4GPS-020-SL
integrating sphere (see Figure 2.12b). The samples were excited with a 200 um core diameter
fiber-coupled laser diode at 808 or 980 nm, depending on the type of samples to be analyzed.
The laser beam was collimated to have the average spot size of 3 mm. The signal generated by
the samples was collected using an AVANTES AVS-USB2000 fiberoptic spectrometer or an
optical spectrum analyzer (OSA) Yokogawa AQ6373/AQ6375. This setup is available is
available at the FICMA-FiCNA laboratories of the Universidad Rovira i Virgili.
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Figure 2.12. (a) Scheme of the integrating sphere setup and (b) picture of the Labsphere 4GPS-020-SL integrating

sphere used in this thesis.

2.45 Lifetime measurements

When the material is excited by a pulsed excitation light source, relevant information
on the kinetic behavior of luminescent excited states and intermidiates [49]. The temporal

evolution of the excited state follows a general rule of the form [50]:

d:"."l:t} _
o = AN (2.6)

where A is the total decay rate, which is written as: Ay = A + Aur,, where A and Ax-are being
radiative and nonradiative rate, respectively. N (t} is the density of excited centers at any time
t[40]:

N(t) = Nyje @t (2.7)
where N is the density of excited centers at £=0, just after the pulse of light has been absorbed.
The emitted light intensity at a given time t, I,,, (£) is proportional to the density of centers de-
excited per timeunit, and can be written as [39]:

I,.(t)=1Ie™r" (2.8)

Here, the luminescence decay time, given as r=1/A 1, represents the time in which the
emitted intensity of the luminescence decays from its initial value to I;/e and it can be
obtained from the slope of the linear plot log I.,,, versus t [39].

In this thesis the measurements of the luminescence lifetime were performed as
following, the samples were placed in the heating stage Linkam 600 and excited with a pulsed
laser beam at 980 nm provided by an optical parametric oscillator (OPO) system Opotek Vibrant

HE 355 Il + UV with a pulse duration of 6 ns and a repetition frequency of 10 Hz. The
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fluorescence light emitted by the samples was collected with a microscope objective, transferred
to JobinYvon HR 460 monochromator and then detected using a Hamamatsu R928
photomultiplier. The decay curves were measured with a digital oscilloscope. An scheme of the
setup used is shown in Figure 2.13, which is available at the FICMA-FICNA laboratories of the
Universidad Rovira i Virgili.

®
. Ox.
% %,
OPO tunable fp---------- AN J‘Qo) %
laser M __________ =T o/®°°<o
] \

= |
Oscilloscope —

Photomultiplier \o, j_;

TS tube N/
= | %? ol Monochromator

Figure 2.13. Scheme of the setup used for luminescence lifetime temperature dependent measurements.

2.5 Photothermal conversion efficiency

Heat can be used as an instrument to increase death rate in cells, useful to treat diseases
as cancer [50]. However, heat can also affect negatively the health tissues as the above 321 K
necrosis is induced. But if the amount of heat is controlled, it may be used to treat abnormal
cells, known as hyperthermia treatment [51]. Thus, predicting and controlling the temperature
distribution in a body region during hyperthermia treatment is mandatory [52]. Materials which
are able to absorb the light energy and efficiently convert it into thermal energy called
photothermal converters. Among the different type of the photothermal converters, graphene-
based materials emerging as promising candidate with the good photothermal conversion
properties [53-56].

In this thesis we study the photothermal conversion properties of graphene and
graphene oxide and determined their efficiency using time-constant method. A scheme of the
setup for the photothermal conversion efficiency measurements using time constant method is
shown in Figure 2.14. The samples were placed in a glass cuvette with dimensions 2x1 cm and
solutions were irradiated with fiber-coupled diode laser with 808 and 980 nm wavelength. The
laser beam was focused on the cuvette with a collimating lens, allowing a beam diameter of 5
mm. The temperature evolution was recorded by a digital multimeter connected to a small Pt-
100 thermo-resistor located inside of the cuvette, and finally the data were sent to computer.

After around 10 min of irradiation, the samples reached the thermal equilibrium, and thus the
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maximum temperature for a particular laser power irradiation. After that, laser irradiation was
switched off for allowing the sample to cool down to the room temperature while data were
recorded in the cooling cycle.

Figure 2.14. Scheme of the setup for photothermal conversion efficiency measurements using time constant method.
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CHAPTER 3

Luminescence nanothermometry in the visible:

|. New detection techniques

By analyzing the available detection techniques for luminescence
nanothermometry, which were described in Chapter 1, we tried to make an substantial
contribution in using new modes of detection that can diversity the techniques used in
luminescence nanothermometry, specially concerning upconversion nanoparticles. In
this chapter we present a new possibility of temperature determination in biological
systems by using lifetime-based nanothermometry in upconversion nanoparticles. We
demonstrate how Er®*,Yb3*:NaY,FsO nanocrystals present a higher thermal sensitivity
than the Er®,Yb%*:NaYF, ones and that their lifetime thermal coefficient is
comparable to those corresponding to other nano-sized luminescent systems already
used for high resolution lifetime fluorescence thermal sensing. We also evaluated the
potential use of Er¥*,Yb®*:NaY,FsO nanoparticles as lifetime-based thermal probes by
providing the first experimental evidence on sub-tissue lifetime fluorescence thermal
sensing by using up-conversion nanoparticles in an ex vivo experiment. Also, we
present a thermochromic phosphor Tm®* Yb%co-doped GdVO,@SiO;, core-shell
nanoparticles, that has the ability to change the color of the upconversion emission
arising from nanoparticles, from blue to deep red as a function of temperature. Thus,
by using these nanoparticles, temperature measurements can be done through the
detection of the change of color of the emission. To show the potentiality of our

nanothermometer, we monitored the heating process produced by the Joule effect in a
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Pt wire, 50 um in diameter, with thermal and temporal resolutions of 0.1 K and <16
ms, respectively.

Finally, we observed that the systems used up to now to measure the spectra
from which the luminescence intensity ratio as a function of temperature is calculated
demand to use bulky and relatively costly equipment such as monochromators,
luminescence detectors (photomultiplier tubes, CCD cameras, etc.), lock-amplifiers,
oscilloscopes, etc. Furthermore, also observed that recording an emission spectrum
requires some time, during which the temperature of the sample might change. Taking
this in mind we developed a low-cost, compact and non-invasive thermometric setup
that would overcome these limitations. Our setup uses a digital color sensor able to
capture simultaneously the emission in the blue, green and red region of
electromagnetic spectrum, coupled to an optical system that focused the excitation
light onto the luminescent nanoparticles and collects their emission. The potentiality
of such non-invasive thermometer was proved in two kinds of upconversion
nanoparticles, Er®*,Yb*:NaYF, and Yb3*-sensitized Tm3*-doped GdVOy that operate
in two different temperature ranges. Also, we developed PDMS/luminescent
nanoparticles composites that together with this setup might allow temperature

sensing in microfluidic devices.
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Er:Yb:NaY2FsO up-converting nanoparticles for sub-tissue
fluorescence lifetime thermal sensing

Ol.A. Savchuk,? P. Haro-Gonzalez,? J.J. Carvajal,>* D. Jaque®, J. Massons,® M. Aguil6?
and F. Diaz?

Non-contact thermometry is essential in biomedical studies requiring thermal sensing and imaging with high thermal and
spatial resolutions. In this work we report on the potential use of Er:Yb:NaYFs and Er:Yb:NaY2FsO up-conversion
nanoparticles as thermal sensors by means of lifetime based luminescent thermometry. We demonstrate how
Er:Yb:NaY2FsO nanocrystals present a higher thermal sensitivity than Er:Yb:NaYFa4 ones and that their lifetime thermal
coefficient is comparable to those corresponding to other nano-sized luminescent systems already used for high resolution
lifetime fluorescence thermal sensing. We evaluate the potential use of Er:Yb:NaY2FsO nanoparticles as lifetime based
thermal probes by providing the first experimental evidence on sub-tissue lifetime fluorescence thermal sensing by using
up-conversion nanoparticles in an ex vivo experiment.
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A. Introduction

Almost all physical, chemical and biological processes are
temperature dependent, making accurate temperature
knowledge essential for their control and understanding.
There are many areas of industry where the temperature
measurements are essential, such as metallurgical, glass
manufacturing, material modeling, dairy products and, in
general, food manipulation and testing. In most of these

applications contact-based temperature measurements
(using  thermocouples,  thermistors  or  resistance
thermometers) are  not  applicable.!  Non-contact

thermometry becomes even more critical in biomedical
studies at cellular level that simultaneously require thermal
sensing and imaging with high thermal and spatial
resolutions (below 1 °C and 1 pm, respectively). The
simultaneous requirement of high resolution non-contact
thermal sensing is, in this case, required due to the fact that
a large variety of cellular events, such as cell division and
dynamics, are marked by intracellular temperature changes
of few degrees that occur at around 37 °C.% In addition,
cellular pathogenesis of cancer and other diseases are
characterized by heat production, so that that high
resolution thermal sensing could, in principle, be used as a
diagnosis tool for early detection. Furthermore, heating of
biological systems (including malignant tumors) above 45
°C lead, among many other processes, to denaturation of
biological molecules causing the necrosis of cells and
tissues.® This effect can be used to develop thermal
treatments in which dynamical temperature monitoring is
essential to keep collateral damage at minimum. High
resolution intracellular thermal sensing would, therefore,
provide understanding and control over a great variety of
cellular events also opening new opportunities for the
development of novel diagnostic and therapeutic
techniques.

As commented above, temperature sensing at cellular level
or inside biosystems (sub-tissue thermal sensing), implies
the complete absence of physical contact so that the original
dynamics of the system are not modified by the measuring
procedure itself. One of the most used non-contact thermal
sensing methods is infrared thermometry (based on the
estimation of temperature from an appropriate calibration of
the black-body radiation). Despite the good results obtained
with this technique, it has some drawbacks such as their low
spatial resolution for in vitro applications (it works with
wavelength radiations close to 10 um) and the ability of
measuring only “surface” temperatures. An excellent
alternative is that given by luminescent nanothermometry
(LNT), which takes advantage of the sensitivity of the
temperature-dependent emission of luminescent
nanomaterials.* ® Recent works have demonstrated how
LNT can be efficiently used for thermal sensing in the
biological temperature range (10 and 60 °C) by using a
great variety of nanostructured luminescent materials
ranging from semiconductor quantum dots to organic
compounds.*® LNT could, depending on the material, offer
relatively high sensitivities and spatial resolutions with
short acquisition times, even in biological fluids, strong
electromagnetic fields and fast-moving objects.®** Among
the different systems proposed up to now for LNT,
nanomaterials doped with lanthanide ions play an important
role, due to their intrinsic advantages such as relatively
large fluorescence lifetimes, good chemical and physical
stabilities, narrow emission lines and so on.*+1°

Among the different LNT modalities, lifetime based LNT
(hereafter LT-LNT) is of spectral relevance. LT-LNT is
said to be used when the temperature of the nanoprobe is
estimated from the analysis of its fluorescence lifetime that,
consequently, should be strongly temperature dependent.
This approach has several advantages when compared with
intensity based approaches (those in which temperature is

estimated from changes in fluorescence intensity emitted by
nanoprobes). LT-LNT eliminates problems related with
non-controllable spatial fluctuations of the fluorescence
intensity that could be due to a large number of causes
including non-homogeneous distribution of nanoprobes,
uncontrolled motion of nanoprobes or bio-components,
shading and light distribution of the sample, among others.
Since, in a first order approximation, fluorescence lifetime
does not depend on the local concentration of luminescent
probes all these inconveniences are overcome by using the
LT-LNT approach. Furthermore, LT-LNT avoids the
necessity of acquisition of the whole luminescence spectra
(a time consuming procedure). When this is associated to
the requirement of high spatial resolution, which lead to
low signal levels and long acquisition times in intensity
based techniques, the short measuring times required by
LT-LNT minimizes the possibility of laser-induced local
heating in the system under investigation. In LT-LNT
measurements, the signal from which the temperature will
be deduced can be acquired at a time interval on the order
of the luminescence lifetime, typically in the range of
nanoseconds to milliseconds. Finally, it should also be
mentioned that this technique can be used for high
temperature  measurements avoiding the undesired
contributions of the black body radiation.?%2*

Most of lanthanide-based luminescent nano-materials emits
through the so-called down-conversion processes, in which
UV or high energy visible radiations are used as the
excitation source to obtain emissions at longer wavelengths.
The use of short wavelength excitation sources is due the
presence of autofluorecence, due to partial absorption by
tissues.> 26 Autofluorescence leads to a fluorescence
background that can mask the signal emitted by
luminescent nanoparticles and can also damage the
biological tissues.?’?° The alternative use of up-conversion
nanoparticles (UCNPs), which exhibit efficient visible
emission after excitation with near infrared light, can
overcome these problems and also can provide a dual
function of imaging and temperature sensing at the
nanoscale.3*-%

Up to now, there are in the literature a large number of
lanthanide doped nanomaterials capable of efficient two-
photon emission.'> %% Among all of them, Er:Yb doped
biocompatible nanocrystals are of special relevance due,
principally, to the very efficient energy transfer process
between Yb®* and Er®* ions that in combination with the
high absorption cross-section at the pumping wavelength
(980 nm) result in a strong up-conversion visible emission
obtained under infrared excitation.®® % 4 Due to all these
properties Er:Yb doped NPs have been successfully used as
UCNPs with outstanding properties in bioimaging
experiments.®® 37 In addition, the potentiality of Er:Yb
UCNPs for LNT in the biological range has been recently
demonstrated by Vetrone et al. who measured the internal
temperature of living HelLa cells incubated with
Er:'Yb:NaYFs  UCNPs by extracting the intracellular
temperature from an appropriate spectral analysis of their
two photon emission.** In addition, Fischer et al. sensed
temperatures in human embrio kidney cells using the same
nanoparticles at 18 °C and 33 °C through confocal
fluorescence microscopy images of the green and red
emissions of Er® in these NPs and comparing their
intensities.**

However, up to now thermal sensing by using UCNPs has
been only obtained from the spectral analysis of their
fluorescence spectrum. In particular ratiometric fluorescent
thermal sensing in Er:Yb doped nanoparticles are based on
the suitable energy gap between the 2Hii2 and Sz energy
levels of Er®* that are thermally coupled leading to two
fluorescence bands at around 530 nm whore relative
intensity has a marked temperature dependence around
37°C.* In this work we demonstrate, for the first time up to
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the best of our knowledge, on the use of Er:Yb UCNPs as
LT-LNT thermal probes (i.e. by using their fluorescence
lifetime instead of the spectral properties of their visible
emission bands). Proof of concept has been demonstrated in
both Er:Yb:NaYFs and Er:Yb:NaY:FsO UCNPs. We
demonstrate how Er:Yb:NaY2FsO nanocrystals present a
larger thermal sensitivity than Er:Yb:NaYF4 nanoparticles,
due to the marked temperature dependence of their
fluorescence lifetime. The potential use of Er:Yb UCNPs
for lifetime based fluorescent thermal sensing is evaluated
by performing ex vivo experiments. We provide the first
experimental evidence on sub-tissue lifetime fluorescence
thermal sensing by using UCNPs.

B. Experimental

Hexagonal Er:Yb:NaYFs and Er:Yb:NaY2FsO nanoparticles
were provided by Boston Applied Technology. The size and
morphology of Er:Yb:NaYF, Er:Yb:NaY2FsO
nanoparticles were determined by using a Transmission
electron microscope (TEM) JEOL JEM-1011 operating
with an accelerating voltage of 100 kV. In addition, and for
the sake of comparison we have also investigated the
temperature dependence of the fluorescence lifetime of
Er:Yb:NaYFs nanoparticles synthesized by ourselves
through the hydrothermal method.** The TEM images of
these nanoparticles have been also included in Figure 1. As
can be observed the size distribution and homogeneity, and
their dispersion in the solvent, have been improved to
respect those provided by Boston Applied Technology.

For luminescence decay-time experiments, Er:Yb:NaYFs4
and Er:Yb:NaY2FsO nanoparticles were excited at 980 nm
with an optical parametric oscillator from Opotek (Vibrant
HE 355 11+UV) with a pulse duration of 6 ns and a
repetition frequency of 10 Hz. The fluorescence light
emitted by the sample was collected with a microscope
objective (10X), transferred to the monochromator for the
selection of specific wavelengths, and then detected using a
Hamamatsu R928 photomultiplier. The decay curves of the
545 nm and 660 nm emitted signals (generated from the
4Ss2 and “Fer2 excited states, respectively) were measured
with a digital oscilloscope.

For lifetime thermal sensing experiments, Er:Yb:NaYFs,
Er:Yb:NaY2FsO nanoparticles were introduced into a
Linkam THMS 600 heating stage, with temperature
controlled by thermocouples connected to the heating stage.
After calibration, Er:Yb:NaY:FsO nanoparticles were
dispersed in distilled water and injected into a fresh chicken
breast. A 1090 nm continuous wave laser (pump laser) was
used for heating the chicken breast with a spot size of 1
cm? Due to the non-vanishing absorption coefficient of
tissue at this wavelength, the 1090 nm focused beam is
expected to produce a relevant local heating. A 980 nm
pulsed diode laser (probe laser) was focused in the
injection, spatially overlapping with the heating spot. This
probe beam is used as excitation source for the NPs. The
generated fluorescence by the nanoparticles was collected
by the same objective and after passing the selected filters
was focused into the photomultiplier tube connected to the
digital oscilloscope.

C. Results and discussion

Transmission electron microscope (TEM) images of the
Er:Yb:NaYFs and Er:Yb:NaY2FsO NPs used in this work
are shown in Figure 1. Er:Yb:NaYFas nanoparticles have a
more spherical shape with a mean diameter of ~20 nm (see
inset in Figure 1a). Instead, Er:Yb:NaY2FsO nanocrystals
have rod like morphologies (see inset in Figure 1b) ~250
nm in length and ~70-80 nm in diameter, as can be seen
from the histograms provided, in which we analyzed

statistically the distribution of sizes of those nanoparticles
(see Figures 1d and e). However, as can be seen in the low
magnification TEM images in Figures la and b, these
particles tend to be agglomerated, especially in the case of
Er:Yb:NaYFs, with mean sizes for these agglomerates of
~350 nm (see histogram provided in Figure 1c). At this
point it should be noted that the morphological
characteristics of the samples used in this work can be
improvable but we state that their quality is good enough to
provide the scientific community with a trustable “proof on
concept”.

The potential use of Er:Yb UCNPs as lifetime thermal
sensors has been firstly evaluated by measuring the
temperature induced variation, in the 25-60 °C biological
range, of the “Ss. fluorescence lifetime. Figures 2 (a,b)
show the decay curves of both  Er:Yb:NaYFs and
Er:Yb:NaY2FsO nanoparticles as obtained at room
temperature and at 60 °C. In both cases, it is observed how
the “Sa2 fluorescence lifetime decreases with temperature.
However, the *Sz2 temperature induced lifetime reduction
in Er:Yb:NaY2FsO UCNPs is more evident (see Figure
2(b)). The origin of the observed temperature induced
lifetime reduction is not clear at this point but it is very
likely due to consequence of the activation of phonon-
assisted processes and of multiphonon decays driven by
temperature increments.*” Both effects cause an increase in
the net de-excitation probability of the emitting levels and,
thus, to a decrease in its luminescence lifetime.* 4
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Fig 1. TEM images of (a) Er:Yb:NaYF, and (b) Er:Yh:NaY2FsO
nanoparticles. Histograms showing (c) the mean sizes of the
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aggregates of Er:Yb:NaYFs nanoparticles and (d,e) the diameter
and lengths of the Er:Yb:NaY2FsO nanorods.
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Fig 2 Fluorescence decay curves of the 545 nm emission line of
(a) Er:Yb:NaYFs and (b) Er:Yb:NaY2FsO nanoparticles at 25
and 60 °C; and calculated lifetime values as a function of
temperature for (c) Er:Yb:NaYFs and (d) Er:Yb:NaY2FsO
nanoparticles. The temperature dependence of the normalized
lifetime of the red emission generated by erbium ions in the
Er:Yb:NaY2FsO nanparticles has been also included in (d) as
open circles, In all the cases dots are experimental data and solid
lines are the best linear fits.

The temperature evolution of the normalized lifetimes
(mor(T), defined as zor(T) = ©(T)/t(25 °C), where (T) is the
fluorescence lifetime measured at a temperature T and t(25
°C) is the fluorescence lifetime measured at room
temperature) of Er:'Yb:NaYFs and Er:Yb:NaY2FsO
nanoparticles are shown in Figures 2 (c, d), as obtained for
the 545 nm emission. At this point we should emphasize
that, all along this work, the fluorescence lifetime has been
estimated from the fluorescence decay curves (I(t)) by: T =
J1(O)-t-dt
J1(t)-dt
found that the fluorescence lifetime decreases almost
linearly with temperature in the biophysical temperature
range. This is, indeed, an outstanding feature for the final
purpose of lifetime based thermal sensing since it does not
only simplifies the calibration of the measurement, also
gives place to a temperature independent thermal
sensitivity.> © From data included in Figure 2, it is clear that
Er:Yb:NaY2FsO UCNPs postulate as lifetime based nano-
thermometer with a larger sensitivity than Er:Yb:NaYFa
UCNPs. From the experimental data shown in Figures 2
(c,d), it is possible now to estimate the thermal sensitivity
of the probes by calculating the so-called lifetime thermal
coefficient (ar) here defined as the slope of the normalized
lifetime vs. temperature linear curve (best fit used in each
case is included together with the experimental data). From
the linear fits we have calculated the lifetime thermal
coefficients of both types of NPs; 5.4 x10° °C* for
Er:Yb:NaYFs and 15 x10°% °C? for Er:Yb:NaY2FsO
nanoparticles. So, ar(Er:Yb:NaY2Fs0) = 3
ar(Er:Yb:NaYFs). At this point it should be noted that the
temperature dependence of the fluorescence lifetime of the
Er:'Yb:NaYFs  nanoparticles  synthesized by the
solvothermal method was also investigated in detail
resulting also in a reduced lifetime thermal coefficient
(below 2 x 10 °C*). The more pronounced temperature
dependence of fluorescence lifetime in Er:Yb:NaY2FsO
UCNPs can be tentatively associated to the fact that non-
radiative  relaxation and multiphonon  phenomena,
responsible for the shortening of fluorescence lifetime
decays, are more significant in oxide materials than in
fluoride ones.*®

At this point it should be mentioned that we have also
investigated the temperature dependence of the
fluorescence lifetime of the characteristic red emission of

. For the two nanomaterials studied in this work we

Erbium ions at around 660 nm that corresponds to the
*Faz—>*l1is2  transition.  Results obtained in the
Er:Yb:NaY2FsO system are included in Figure 2(d) as open
circles. As can be observed, the fluorescence lifetime of the
“Farz—*115/2 red emission also decreases monotonously with
temperature, although with a reduced lifetime thermal
coefficient in respect to that found for the green emission
(ot of the 660 nm emission was found to be close to 0.007
°C1). This reduced value of ar is found to be in agreement
with previous works also studying the temperature
dependence of the fluorescence lifetimes of both red and
green emissions of erbium ions.*” This reduced thermal
dependence is explained in terms of the fact that the number
of phonons involved in the non-radiative de-excitations
from the “Foy, state is larger than that of the “Sg. state. This,
in turn, is due to the fact that the energy separation between
the “For state and the next lower energy state is larger than
that of the “Sa2.** 47 Due to the larger thermal sensitivity
found for the green emission of Erbium ions in the
following we will focus on this transition.

To put in context the values obtained in this work for the
lifetime thermal coefficients of UCNPs, it is necessary to
point out that the lifetime thermal sensitivity found for
Er:Yb:NaY2FsO UCNPs is of the order of that previously
obtained for other lanthanide doped systems (see Table 1),
such as Ce:YAG nanocrystals (10 x10- °C),* or Tb**- and
Eu®*- complexes (12 x10° °C! and 20 x10° °C?,
respectively),* although in that case the systems had to be
excited in the UV. Er®* doped nano-materials have been
also used as a thermal probes through lifetime
measurements in microspheres composed of a heavy-metal
fluoride glass (ZBLaLiP) pumped at 488 nm, although in
that case, apart from the size of the probes, the relation
between lifetime and temperature was not linear, and in the
vicinity of room temperature, the lifetime was almost
temperature independent.** Er:Yb:NaY2FsO UCNPs also
show a superior performance, as lifetime based thermal
sensors, than gold nanoclusters (~13 x10° °C), these
operating under visible (580 nm) laser excitation.>® The
thermal sensitivity measured in our Er:Yb:NaY2FsO
nanoparticles is also comparable to that obtained in CdTe
quantum dots (17 =102 °C?).2 Compared with other
lifetime luminescence nanothermometric systems, such as
dye-based systems, the thermal coefficient of our
nanoparticles is smaller to that obtained in Rhodamine B
(30 %107 °C™).5* However, this system has some serious
drawbacks for lifetime thermal sensing, such as its low
solubility in water and the very likely existence of toxics
effects.? Finally, we should compare the thermal
coefficients of our nanoparticles with those of luminescent
polymers, that show the highest sensitivity reported up to
now (60 x10° °C), although these values can only be
achieved during phase transitions (32.5 °C for poly(DBD-
AE-co-NOPAM), for instance).> Since the lifetime thermal
coefficients of our Er:Yb NPs are similar to those reported
for already used systems, the achievable thermal resolution
for Er:Yb:NaY2FsO is expected to be close to those already
achieved for the other systems reported here: 0.1 °C,
making of our NPs a new valuable lifetime based thermal
probe for biomedical applications in which temperature
control is critical. Another advantage of UCNPs for LF-
LNT is the long lifetimes of the green emission of Er®*, of
the order of hundreds of microseconds, which reduces
significantly the cost of the detectors to be used.

To probe the potentiality of Er:Yb:NaY2FsO nanoparticles
for sub-tissue lifetime thermal sensing, we have tested them
in an ex vivo experiment by using a chicken breast that was
heated externally by a partially absorbed laser beam of
wavelength 1090 nm.>* Er:Yb:NaY2FsO nanoparticles were
dispersed in water, and injected into a fresh chicken breast
at a depth of 1 mm. Measurements of the luminescence
decay curves were recorded in a double beam confocal
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microscope. Optical excitation was achieved by using a 980
nm diode laser (300 mW power). The luminescence
generated by the injection was first collected and collimated
by using a low numerical aperture microscope objective and
later it was focused into a photomultiplier by using a single
lens. A set of absorptive filters was used to ensure that non
laser radiation was reaching the photomultiplier. A 1090 nm
continuous laser beam was slightly focused into the
injection’s area and used as the heating beam due to the
non-vanishing absorption coefficient of tissues at this
wavelength (due to the presence of water).®

Table 1. Excitation and detection wavelengths, and normalized
lifetime thermal coefficient (o) of some luminescent systems
previously used for Fluorescence Lifetime Thermal Imaging.
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(nm) (nm) &
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Fig 3 (a) Fluorescent lifetime for the 545 nm emission line of
Er:Yh:NaYFsO nanoparticles injected 1 mm below the surface of the
chicken breast when the heating laser was on (1.2 W) or off (0 W).
(b) Change of lifetime values when the power of the heating laser was
increased. The continuous line is a guide for the eye. (c) Sub-tissue
temperature increment measured through lifetime variations in the
545 nm emission line of Er:Yb:NaYFsO nanoparticles as a function
of the increase of the laser heating power.
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Figure 3(a) shows the injection fluorescence decay curves
as obtained when the 1090 nm heating laser was on (with a
power of 1.2 W) or off (0 W). The faster decay curve
obtained when the heating laser was on revealed the
presence of tissue laser-induced heating due to residual
absorption at 1090 nm. Figure 3(b) shows the reduction of
the lifetime measured inside the chicken breast as a function
of the 1090 nm laser power. As can be observed, the
lifetime is substantially reduced from ~160 us when the
laser was off, to less than 120 us for heating laser power
close to 1.5 W. This lifetime reduction evidences the
progressive heating of the tissue surrounding the UCNPs
injection. The actual injection’s temperature (sub-tissue
temperature) can be calculated from the experimental data
of Figure 3(b) and the calibration curves of Figure 2.
Results (sub-tissue temperature as a function of heating
laser power) are shown in Figure 3(c). As can be observed
1090 nm laser powers of 1.5 W (corresponding to a laser
intensity of 1.5 W/cm?) lead to temperature increments in
the tissue close to 10 °C, in reasonable agreement with the
magnitude of 1090 nm laser induced tissue heating
observed in recent in vivo experiments by using infrared
thermometry.>*

It is important to note that we have verified that the
presence of the 1090 nm radiation had no influence on the
fluorescence dynamics of Erbium ions as absorption
measurements revealed no absorption of the Er:Yb doped
particles at 1090 nm. Therefore, the lifetime changes
reported in Figure 3 can be unequivocally attributed to the
laser induced heating of tissue.

Finally, it is important to note that sub-tissue thermal
sensing experiments reported in Figure 3 have been
obtained at a reduced depth of 1 mm. This is because when
using the two photon excited visible emission of rare earth
doped nanoparticles, penetration depths into tissues has
been reported to be limited to few millimeters.% Sub-tissue
thermal measurements at longer penetration depths would
be possible, although a detection system with an improved
sensitivity than that used in this work would be required. In
our experimental conditions, reliable lifetime measurements
can be done for maximum injection depths of 1-2 mm.
Larger penetration depths led to a low signal-to-noise
rations in the fluorescence decay curves and hence to a
large uncertainty in the sub-tissue thermal measurements.
Results included in this work constitute a proof-of-concept
that lanthanide doped nanoparticles could be also used for
lifetime fluorescence thermal sensing. For the purpose of
sub-tissue thermal sensing at larger penetration depths the
use of lanthanide doped infrared emitting nanoparticles
emerge as an interesting alternative.

D. Conclusions

In  summary, we provide experimental evidence
demonstrating how the ubicuous Er:Yb up-converting
fluorescent nanoparticles can be used not only as
fluorescent nanoprobes for in vivo and in vitro imaging but
also as fluorescent thermal nano-sensors based on the their
strongly temperature dependent visible fluorescence
lifetime. It has been demonstrated that the lifetime based
thermal sensitivities of Er:Yb:NaY2FsO up-converting
nanoparticles in the biological range are comparable to
those reported for other fluorescent nanoparticles. We not
only report on this possibility but we have demonstrated
real sub-tissue thermal sensing in ex-vivo experiments. We
have been able to measure laser induced tissue heating by
the sub-tissue injection of Er:Yb:NaY2FsO up-converting
nanoparticles and by the subsequent analysis of their
fluorescence lifetime.

Results presented in this work introduce to the scientific
community Er:Yb:NaY2FsO up-converting nanoparticles as
a novel nanosized fluorescent system capable of lifetime
based thermal sensing with improved sensitivity in the
biological range of temperatures, and that might constitute
an interesting alternative to the widely used Er:Yb:NaYF,
nano particles in applications requiring fast and accurate
thermal sensing.
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Abstract

Here we analyze alternative luminescence thermometry techniques to FIR,
such as intensity ratio luminescence thermometry between the emission arising from
two electronic levels that are not necessarily thermally coupled, but that show
different evolutions with temperature, and lifetime luminescence nanothermometry in
(Ho, Tm,Yb):KLu(WOa). and (Er,Yb):NaY2FsO
nanoparticles.(Ho, Tm,Yb):KLu(WQ4). nanoparticles exhibited a maximum relative
sensitivity of 0.61 % K, similar to that achievable in Er-doped systems, which are
the upconverting systems presenting the highest sensitivity. From another side,
(Er,Yb):NaY2FsO nanocrystals show great potentiality as thermal sensors at the
nanoscale for moderate temperatures due to the incorporation of additional non-
radiative relaxation mechanisms that shorten the emission lifetime generated by the
oxygen present in the structure when compared to (Er,Yb):NaYF4 nanoparticles
exhibiting the highest upconversion efficiency. We used those nanoparticles for ex-
vivo temperature determination by laser induced heating in chicken breast using
lifetime-based thermometry. The results obtained indicate that these techniques might
constitute alternatives to FIR with potential applications for the determination of
moderate temperatures, with sensitivities comparable to those that can be achieved by
FIR or even higher.
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1. Introduction

Heat is produced in several processes, which generates an increase of temperature
that in general is interesting to know and be measured. Examples include monitoring
the evolution of temperature in chemical reactors [1], detection of “hot spots” in
microelectronic devices [2], detection of local temperatures within integrated
photonic devices to prevent irreversible damages [3], monitoring heat dissipation
during optical trapping [4], monitor temperature changes in microfluidic systems
[5]and monitoring metabolic processes in living organisms [6], to name a few.

Typical systems used to control the temperature increment require contact, which
generates technological challenges when spatial resolution decreases to the submicron
scale. Fortunately, there are various types of non-contact nanothermometry
approaches, one of the most attractive of which is luminescence thermometry, based
on the temperature-dependent emission intensity, lifetime value, band shape or
position of emission bands of luminescent nanoparticles [7, 8]. These methods offer
relatively high detection sensitivity and spatial resolution in short acquisition time,
even in fluids, strong electromagnetic fields and fast moving objects [9-11].

The use of upconversion nanoparticles, which exhibit efficient visible emission
properties after excitation in the near infrared, can provide simultaneously the dual
function of imaging and temperature sensing at the nanoscale [12].

The potentiality of Er®*, Yb%*codopedupconversion nanoparticles for
nanothermometry in the range of moderate temperatures has been especially
highlighted [13,14], especially due to the suitable energy gap between the ?Hii, and
4Ss2  energy levels of Er®* , which are thermally coupled, using, for instance,
(Er,Yb):NaYF4 nanoparticles.

However, there exist other alternative materials and thermometry techniques
with potential use for the determination of moderate temperatures that can offer a
similar or even higher sensitivity with respect to those offered by Er®*-doped systems.
Here, we analyze the possibilitites offered by two dielectric phosphors,
(Ho, Tm,Yb):KLu(WO,), and (Er,Yb):NaY.FsO, by measuring the luminescence
thermometry intensity ratio between the emission arising from two electronic levels
that are not necessarily thermally coupled, but that show different evolutions with
temperature in the former, with sensitivities comparable to those obtained in Er3*-

doped systems, and by measuring lifetimes in the second.
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2. Experimental section

Synthesis of luminescent nanoparticles. 1.5 at. % Ho, 1 at.% Tm, and 1 at. % Yb
doped KLu(WO4). nanocrystals were synthesized by the sol-gel modified Pechini
method [20] Analytic grade purity reagents of Ho0,03 (99.9999%), Tm,O3
(99.9999%), Yb,03 (99.9%), and Lu,03 (99.9999%), were dissolved in hot nitric acid
in the specific proportions to form the nitrate precursors. Citric acid (CA) was used as
the chelating agent while ethylenglycol (EG) was used as the estherification agent in
the synthesis process. The nitrate precursors were dissolved in distilled water with
citric acid in a molar ratio of CA to metal cations equal to 1. Ammonium tungstate
(NH4)2WO0O4 (99.99%) and potassium carbonate K,CO3 (99.99%) were added to the
aqueous solution and we heated it at 353 K under magnetic stirring during 24 h until
complete dissolution. Further, EG was added to the mixture in a molar ratio
[EGJ/[CA]=2. The solution was heated at 373 K in order to evaporate water and
generate the polymeric gel. After that, the polymeric gel was calcinated at 573 K for 3
hours, and later at 1023 K for 2 hours to eliminate the organic compounds and
crystallize the desired nanoparticles. The raw (Er,Yb):NaY:FsO nanoparticles were
purchased to Boston Applied Technology.

Raman scattering measurements. Micro-Raman spectra were obtained at room
temperature with a Labram HR800 UV Raman spectrometer from Horiba-Jobin-Yvon
attached to a metallographic microscope with confocal optics, and equipped with a
LN,-cooled charge-coupled-device (CCD) detector. The excitation was carried out
with a UV laser at 325 nm using a 40 X UV microscope objective with 0.5 numerical
aperture (NA). The scattered light was also collected by the objective, thus working in
a nearly backscattering configuration.

Temperature-dependent luminescent experiments. For upconversion emission
measurements, (Ho,Tm,Yb):KLuUW nanoparticles were introduced in a Linkam
THMS 600 heating stage. The sample was excited with a diode laser emitting at 808
nm, which corresponds to the maximum absorption wavelength of Tm3*. The beam
from the laser source was focused on the sample and the emission was collected in 90°
geometry in order to eliminate the residual laser pump. Emission radiated from the
sample was collected and dispersed on a JobinYvon HR 460 monochromator. For
detection, a Hamamatsu PMTR 928 photomultiplier tube, connected to a Perkin

Elmer DSP-7265 lock-in amplifier was used.
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Lifetime thermometry. For luminescence decay-time experiments as a function
of temperature, (Er,Yb):NaY2FsO nanoparticles were introduced in a Linkam THMS
600 heating stage and excited at 980 nm with an optical parametric oscillator (OPO)
from Opotek (Vibrant HE 355 11+UV) with a pulse duration of 6 ns and a repetition
frequency of 10 Hz. The fluorescence light emitted by the sample was collected with
a microscope objective, transferred to the monochromator for the selection of specific
wavelengths, and then detected using a Hamamatsu R928 photomultiplier. The decay
of the signal was measured as a function of time with a digital oscilloscope, averaging
the signal from 3000 laser pulses.

Lifetime thermal sensing experiments. After calibration, (Er,Yb):NaY2FsO
nanoparticles were dispersed in distilled water and injected in a fresh chicken breast.
A heating laser with emission at 1090 nm and a pumping laser with emission at 980
nm, spatially overlapping, were simultaneously focused in the chicken breast using a
microscope objective. The fluorescence arising from the nanoparticles was collected
by the same objective, and after passing the selected filters, was focused into the

photomultiplier tube connected to the digital oscilloscope.

3. Results and Discussion

3.1. (Ho,Tm,Yb):KLu(WQ4), nanoparticles

We studied the upconversion emission of Ho®*, Tm?®*, and Yb®*‘codoped
KLu(WOg), nanoparticles, and analyzed the possibilities of their emissions for
temperature sensing applications. As a host material the KLu(WO4)2 monoclinic
matrix has several advantages. For instance, the Yb®* absorption cross-section in
KLu(WOy); single crystals has been measured to be 11.8 x 10% c¢m? [15], which is
around 15 times bigger than that on Yb3* in YAG crystals [16]. Furthermore, this host
allows for large doping concentrations, up to 100%, without emission quenching
effects [17]. (Ho,Tm,Yb):KLu(WOu); single crystals [18] and nanocrystals [19] have
been used, for instance, for the generation of white light through the combination of
the blue, green and red light emitted by this material when excited with 980 nm light
by tuning the concentrations of the doping ions to equilibrate the intensity of the RGB
emissions. Thus, they show a rich emission structure with possibilities to be used in
thermal sensing. Its quantum yield in comparison to that reported for (Er,Yb):NaYF.
nanoparticles [20], the most efficient up-converting system presented up to date, is

around one order of magnitude lower [21]; however, it is comparable to other up-
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converting oxide nanoparticles currently used for nanothermometry applications [22-
27]. Furthermore, halide-based materials tend to be hygroscopic, showing relatively
poor chemical and photophysical stabilities compared to oxide matrices; on the other
hand, most of the preparative routes for halide-based nanoparticles are complex and
environmentally harmful.

(Ho,Tm,Yb):KLu(WO.). nanoparticles have been synthesized by the sol-gel
modified Pechini method. Figure 1 shows a TEM image in which the aspect of these
nanoparticles can be seen. Particles show irregular shapes, with sizes below 50 nm, as
can be seen in the histogram, in which we statistically analyzed the nanoparticles size
distribution, furthermore, a relatively low degree of agglomeration is observed.
(Ho, Tm,Yb):KLu(WO4), nanoparticles crystallize in the monoclinic system, with
spatial group C2/c, as it was reported for single crystals with the same chemical
composition [18].
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Figure 1.TEM image of (Ho, Tm,Yb):KLu(WO,), nanoparticles and histogram showing the mean sizes of

these nanoparticles.
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Figure 2(a) shows the evolution of the upconversion emission spectra of
(Ho,Tm,Yb):KLu(WO.). nanocrystals excited at 808 nm in the range of temperatures
22 — 250 °C, which exhibits three emission bands in the blue, green and red region of
the electromagnetic spectrum. In order to understand the origin of the different
emission lines, we have studied the upconversion mechanism in detail by pumping at
specific wavelengths in the visible to excite specific energy levels of the different
emitting ions. Figure 2(b) summarizes the different excitation and emission
mechanisms deduced for this material. From this analysis, it is clear that the green and
red emissions arise from different ions of the system, and occurred due to energy
transfer processes that are temperature dependent. In fact, we observed that while the
green emission generated by Ho®" decreases in intensity when the temperature
increased, the red emission intensity generated by Tm?®* increased, showing that,
despite we cannot consider, strictly speaking, that those levels are thermally coupled,
they are somehow thermally linked through phononic processes associated with
energy transfer processes. In fact, by increasing the temperature, the multiphonon
nonradiative depopulation rate of the °S; and 5F4 energy levels of Ho®*" (from which
the green emission originated) will become faster, populating the °Fg energy level of
this ion. From here, an energy transfer process occurs to the 3F, and °F3 energy levels
of Tm®* from which the red emission occurs. Thus, although we cannot apply the FIR
technique as defined by Wade et al. [28] in that case for temperature sensing
purposes, this allows us to apply the intensity ratio technique to analyze the thermal
evolution of the emission from these ions, and use these nanoparticles as luminescent
nanothermometers.

In order to explore the possibilities of using these nanoparticles as a
nanothermometer suitable for moderate temperatures, we have focused on the range
of temperature between 22 and 50 °C. The ratio between the integrated intensities of
the two emission bands, located in the red and the green spectral windows, as a
function of temperature is plotted in Figure 2(c). The experimental data could be
fitted to a linear equation: lred/lgeen = -0.8 + 0.0061T. The relative sensitivity,
calculated as the first derivative of the intensity ratio divided by the intensity ratio is
plotted in Figure 2(d). This parameter allows us to compare the performance of our
system with respect to other luminescent thermometers reported before. The
maximum relative sensitivity was found to be 0.61 % °C, similar to those previously

reported for Er3* based systems, which up to date were the highest ones reported in
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the literature [29, 30]. Thus, Tm® and Ho®" ions in the KLU(WQg), host might

become a competing technology with Er®* for thermometry applications.
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Figure 2. (a) Evolution of the emission spectra of (Ho,Tm,Yb):KLu(WO,), nanoparticles with temperature
in the range 22 — 250 °C after excitation at 808 nm. (b) Energy level diagram and emission generated by
upconversion after excitation at 808 nm for Ho®*, Tm®, and Yb%* in KLu(WO4);nanoparticles. (c) lrea/lgreen
in the range of temperatures 22-50 °C. (d) Temperature dependence of the relative sensitivity for the
(Ho,Tm,Yb):KLu(WO,), nanopatrticles.

3.2. (Er,Yb):NaY2FsO nanoparticles

The entity to which the temperature wants to be determined may be in movement,
or in a environment where others parameters, such as pH and oxygen concentration,
can affect the luminescent intensity of the emission lines of the nanoparticles. An
alternative means of temperature sensing that overcomes these limitations is lifetime
thermometry, although it has been scarcely used with up-converting materials [31,32].
An additional advantage of this technique for thermometry consists of the temperature
estimation from the measurement of a single parameter (lifetime), therefore it is to a
first approximation calibration-free. The use of systems that incorporate non-radiative
relaxation and multiphonon phenomena, responsible for the shortening of
fluorescence lifetime decays, such as oxides instead of fluorides, might allow
considering this technique as an alternative to the more conventionally used
fluorescence intensity ratio technique. (Er,Yb):NaY2FsO nanoparticles are promising

candidates for this approach [31], since their phononic response is extended to longer
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wavenumbers with respect to pure fluorides, (Er,Yb):NaYF, for instance, see the
Raman spectra in Figure 3. This extended phononic response allows for a more easy
activation of the non-radiative relaxation and multiphonon phenomena, similar to
what is happening with oxides [33]. This is due to the fact that the smaller the number
of phonons required to cover the energy gap between two levels, the higher the non-
radiative multiphonon rate to depopulate an excited energy level to another one, as
described by the phenomenological model of Riserberg and Moos [34]. Therefore, by
increasing the phonon energy values in oxifluorides when compared to fluorides,
induces the enhancement of the non-radiative processes, which shorten the

experimental decay times.
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Figure 3. Raman spectra of (Er,Yb):NaYF, and (Er,Yb):NaY,FsO nanoparticles.

Figure 4(a) shows a TEM image of the (Er,Yb):NaYFsO nanoparticles used in
this work. They exhibit rod like morphologies, with diameters around 70-80 nm and
lengths around 250 nm, as can be seen in the histograms provided in Figures 4 (b) and
(c). However, these particles tend to be densely agglomerated. It is clear, thus, that for
real applications, the morphological characteristics of the samples used in this work
must be improved, but their quality is good enough to provide a trustable “proof of
concept” of the potentiality of lifetime thermometry in the range of moderate

temperatures.
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Figure 4. (a) TEM image of (Er,Yb):NaY,FsO nanoparticles. Histograms showing (b) the diameter and (c)

lengths of the nanoparticles.

Figure 4(a) shows the emission spectrum of (Er,Yb):NaY2FsO nanoparticles after
excitation at 980 nm. It consists mainly in two emission bands: a weak emission band
in the green associated to the 2Hiy, *Ssz—>*lisp2 transitions of Er®* and another more
intense emission band in the red associated to the “Fgp,—*l152 transition of Er3*. The
temperature dependent normalized lifetime, defined as thor(T) = t©(T) / ©(RT), where
7(T) is the fluorescence lifetime measured at a temperature T, and t(RT) is the
fluorescence lifetime measured at room temperature, of the 545 nm and 660 nm
emission lines in the range of RT to 60°C are shown in Figure 4 (b). For that we
analyzed only the decay part of the luminescent lifetimes, thus avoiding the rise time
inherent in the energy transfer upconversion process, using the following expression:

Fie)-c-de

Fi{e)-de . In both cases we observed a linear decrease of the lifetime values
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when the temperature increased. However, the slope of the evolution of the lifetime
associated with the 545 nm emission line is higher, which will provide better
temperature estimation sensitivity. In fact, the lifetime thermal coefficients (o),
defined as the slope of the normalized lifetime vs. temperature, are 0.015 °C and
0.007 °C?, thus we can consider that or (545 nm) ~ 2 or (660 nm). This reduced
thermal quenching value for the red emission is not surprising, since it has been
previously reported for Er¥*-doped glasses in the range of temperatures between 10 K
and room temperature [35]. It should be noted here that the high sensitivity observed
for the green emission lays in the order of that previously obtained for other
lanthanide doped systems [36-38] and quantum dots [39] pumped in the UV and blue
regions of the electromagnetic spectrum, furthermore, it shows a better performance
than gold nanoclusters pumped in the green [40].
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Figure 4. (a) Emission spectra of (Er,Yb):NaY,FsO nanoparticles after pumping at 980 nm. Inset shows the
absorption spectrum of these nanoparticles in the 825-1100 nm region. (b) Normalized lifetime values as a
function of temperature for the 545 nm and 660 nm emission lines. Inset shows the fluorescence decay
curves of the 545 nm emission line at 25 and 60 °C (c) Effect of the heating laser emitting at 1090 nm on
the lifetime values of the 545 nm emission line on the nanoparticles introduced in chicken breast. (d) Ex-
vivo temperature increment measured through lifetime variations in the 545 nm emission line of

(Er,Yb):NaY,FsO nanoparticles as a function of the increase of the laser heating power.
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Figure 5. Scheme of the experimental set-up used in the ex-vivo thermal sensing experiment of sub-tissue

temperature determination in chicken breast.

In order to show the potentiality of the (Er,Yb):NaY:FsO nanoparticles as a
practical nano-thermometer for moderate temperatures, ex-vivo thermal sensing
experiment of sub-tissue temperature determination in chicken breast were carried out
as a function of the power of a heating laser emitting at 1090 nm. Figure 5 shows a
scheme of the experimental set-up used. (Er,Yb):NaY.FsO were dispersed in water,
and injected into a fresh chicken breast at a depth of 1 mm. A 1090 nm continuous
laser beam was slightly focused into the injection’s area and used as the heating beam
due to the non-vanishing absorption coefficient of tissues at this wavelength (because
of the presence of water). Optical excitation was achieved by using a 980 nm diode
laser and the luminescence generated was first collected and collimated by using a
low numerical aperture microscope objective and later it was focused into a
photomultiplier by a using a single lens. Figure 4(c) shows the decrease of the lifetime
of the 545 nm emission line when we increased the power of the heating laser focused
inside the chicken breast. Since (Er,Yb):NaY.FsO nanoparticles do not absorb energy
at 1090 nm (see inset in Figure 4(a)), the reduction of the lifetime is due to the heating
of the chicken breast tissues induced by the laser. By combining these data with those
of the calibration previously performed (see Figure 4(b)), we can determine the
temperature inside the chicken breast, and we show it as a function of the laser

heating power in Figure 4(d).
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4. Conclusions

In conclusion, we have shown alternative luminescence thermometry techniques
to the most commonly used fluorescence intensity ratio technique for moderate
temperature sensing purposes. (Ho,Tm,Yb):KLu(WOQ4), nanoparticles can be used as
an efficient luminescence temperature sensor using the temperature-dependent ratio of
two emission lines. From another side, (Er,Yb):NaY.FsO nanoparticles show a great
potentiality in moderate temperature sensing purposes using the lifetime thermometry
technique, demonstrated by the ex-vivo sub-tissue temperature determination
experiment in chicken breast.

Acknowledgement

This work was supported by the Spanish Government under projects No.
MAT?2013-47395-C4-1-4-R, and by the Catalan Government under project No.
2014SGR1358. O.A. Savchuk is supported by Catalan Government through the
fellowship 2013FI_B 01032.P.H.G. thanks the Spanish Ministerio de Economia y
Competitividad (MINECO) for the Juan de la Cierva program.

References

[1] S. Wang, S. Westcott, W. Chen, J. Phys. Chem. B 106 (2002) 11203.

[2] L.D. Carlos

[3] G. Nenna, G. Flaminio, T. Fasolino, C. Miarini, R. Miscioscia, D. Palumbo, M. Pellegrino, Macromol.
Symp. 247 (2007) 326.

[4] A. Ashkin, J.M. Dziedzic, T. Yamane, Nature 330 (1987) 769.

[5] H.B. Mao, T.L. Yang, P.S. Cremer, J. Am. Chem. Soc. 124 (2002) 4432.

[6] M. Jang, S.S. Kim, J. Lee, Exp. Mol. Med. 45 (2013) e45.

[7] D. Jaque, F. Vetrone, Nanoscale 4 (2012) 4301.

[8] C.D. Brites, P.P. Lima, N.J. Silva, A. Millan, V.S. Amaral, F. Palacio, L.D. Carlos, Nanoscale 4 (2012)
4799.

[9] S.W. Allison, G.T. Gillies, Rev. Sci. Instrum. 68 (1997) 2615.

[10] S. Uchiyama, Y. Matsumura, A. P. de Silva, K. lwai, Anal. Chem. 75 (2003) 5926.

[11] A.L. Heyes, J. Lumin.129 (2009) 2004.

[12] N.N. Dong, M. Pedroni, F. Piccinelli, G. Conti, A. Sharbati, J.E. Ramirez-Hernandez, L.M. Maestro,
M.C. Iglesias-de la Cruz, F. Capobianco, J.G. Sole, M. Bettinelli, D. Joque, and A. Speghini, ACS Nano 5
(2011) 8665.

[13] F. Vetrone, R. Naccache, A. Zamarron, A. Juarranz de la Fuente, F. Sanz-Rodriguez, L. M. Maestro,
E. M. Rodriguez, D. Jaque, J.G. Sole, J.A. Capobianco,ACS Nano 4 (2010)3254.

[14] L.H. Fischer, G.S. Harmns, O.S. Wolfbeis, Chem. Int. Ed. 50 (2011) 4546.

112



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: I. New detection techniques

[15] V. Petrov, M.C. Pujol, X. Mateos, O. Silvestre, S. Rivier, M. Aguil6, R.M. Solé, J. Liu, U. Griebner, F.
Diaz, Laser Photon. Rev. 1 (2007) 179.

[16] L.D. Deloach, S.A. Payne, L.L. Chase, L.K. Smith, W.L. Kway, W.F. Krupke, IEEE J. Quantum
Electron. 29 (1993) 1179.

[17] M. Galceran, M. Pujol, M. C. Aguilo, M. Diaz, F. J. Sol-Gel Sci. Techn. 42(2007) 79.

[18] V. Petrov, M.C. Pujol, X. Mateos, O. Silvestre, S. Rivier, M. Aguilo, R.M. Sole, J. Lin, U. Griebner, F.
Diaz, Laser and Photon. Rev. 1 (2007) 179.

[19] V. Jambunathan, X. Mateos, M.C. Pujol, J.J. Carvajal, F. Diaz and M. Aguilo, J. Lumin. 131 (2011)
2212.

[20] R.H. Page, K.1. Schaffers, P.A. Waide, J.B. Tassano, S.A. Payne, W.F. Krupke, W.K. Bischel, J. Opt.
Soc. Am. B 15 (1998) 996.

[21] E.W. Barrera, Lanthanide-based Dielectric Nanoparticles for Upconversion Luminescence, PhD
Thesis, Universitat Rovira i Virgili, Tarragona, 2013.

[22] B. Dong, B. Cao, Y. He, Z. Liu, Z. Li, Z. Feng, Adv. Mater. 24 (2012) 1987.

[23] M.L. Debasu, D. Ananias, I. Pastoriza-Santos, L.M. Liz-Marzan, J. Rocha, L.D. Carlos, Adv. Mater.
25 (2013) 4868.

[24] L. Xing, Y. Xu, R. Wang, W. Xu, Z. Zhang, Opt. Lett. 39 (2014) 454.

[25] S.K. Singh, K. Kumar, S.B. Rai, Sens. Actuators A 149 (2009) 16.

[26] D. Li, Y. Wang, X. Zhang, K. Yang, L. Liu, Y. Song, Opt. Comm. 285 (2012) 1925.

[27] A. Pandey, V.K. Rai, Appl. Phys. B 113 (2013) 221.

[28] S.A. Wade, S.F. Collins, G.W. Baxter, J. Appl. Phys. 94 (2003) 4742.

[29] E.W. Barrera, M.C. Pujol, C. Cascales, J.J. Carvajal, X. Mateos, M. Aguilo, F. Diaz, Phys. Status
Solidi C 8 (2011) 2676.

[30] B.S. Cao, Y.Y. He, Z.Q. Feng, Y. S. Li, B. Dong, Sensor Actuat. B 159 (2007) 8.

[31] Ol.A. Savchuk, P. Haro-Gonzalez, J.J. Carvajal, D. Jaque, J. Massons, M. Aguilo, F. Diaz, Nanoscale,
6 (2014) 9727.

[32] R.K. Benninger, Y. Koc, O. Hofmann, J. Requejo-Isidro, M.A. Neil, P.M. French, A.J. DeMello, Anal.
Chem. 78 (2006) 2272.

[33]H.U. Gudel, M. Pollnau, J. Alloys Compd. 303-304 (2000) 307.

[34] L.A. Riseberg, H.W. Moss, Phys. Rev. 174 (1968) 429.

[35] S.K. Ghoshal, M.R. Sahar, M.S. Rohani, S. Sharma, Indian J. Pure Appl. Phys. 49 (2011) 509.

[36] K. Singh, K. Kumar, S.B. Rai, Sensors and Actuators A 149(2009) 16.

[37] S.W. Allison, G.T. Gillies, A.J. Rondinone, M.R. Cates,Nanotechnology 14 (2003) 859.

[38]J. Yu, L. Sun, H. Peng and M.I.J. Stich, J. Mater. Chem. 20 (2010) 6975.

[39] Z.P. Cai, L. Xiao, H.Y. Xu, M. Mortier, J. Lumin. 129 (2009) 1994.

[40]P. Haro-Gonzalez, L. Martinez-Maestro, I.R. Martin, J. Garcia-Solé, D. Jaque, Small8 (2012) 2652.

113



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: I. New detection techniques

114



UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: I. New detection techniques

Paper 111

Savchuk, Ol. A.; J. J. Carvajal, M.C. Pujol, J. Massons, P. Haro-
Gonzélez, D. Jaque, M. Aguilé6 and F. Diaz. New strategies for
luminescence thermometry in the biological range using upconverting
nanoparticles (2015) Proc. of SPIE 9129, 91292-7.

115



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: I. New detection techniques

116



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: I. New detection techniques

New strategies for luminescence thermometry in the biological

range using upconverting nanoparticles
Ol. A. Savchuk?, J. J. Carvajal®, M.C. Pujol?, J. Massons?, P. Haro-Gonzalez®, D.
Jaque®, M. Aguilé? and F. Diaz.
®Fisica i Cristal.lografia de Materials i Nanomaterials (FICMA-FiCNA)- EMaS,
Universitat Rovira i Virgili (URV), Campus Sescelades, C/ Marcel.li Domingo s/n, E-
43007, Tarragona, Spain; °Fluorescence Imagin Group, Departamento de Fisica de
Materiales C-04 — Instituto Nicolas Cabrera, Universidad Auténoma de Madrid, C/

Francisco Tomas y Valiente 7, E-28049, Madrid, Spain

*corresponding autor: joanjosep.carvajal@urv.cat

ABSTRACT

We have studied different strategies of use of luminescence thermometry with upconverting nanoparticles
in the biological range of temperatures, among them, the thermal sensing ability of fluoresncent lifetime of
Er,Yh:NaY.Fs nanoparticles. Er,Yb:NaYFsO nanocrystals show great potentiality as thermal sensors at the
nanoscale for biomedical applications due to the incorporation of additional non-radiative relaxation
mechanisms that shorten the emission lifetime generated by the oxygen present in the structure. Here we
report ex-vivo temperature determination by laser induced heating in chicken breast using lifetime-based
thermometry in these up-conversion nanoparticles.

Keywords: Lifetime, thermometry, thermal sensing, temperature sensor.

INTRODUCTION

Non contact temperature measurements are of particular interest in most spheres of scientific activities and
indeed in daily life. Almost all physical and chemical processes are temperature dependent. There are many
areas of industry where the temperature measurements are essential, such as metallurgy, glass manufacture,
moulding, dairy products and many other aspects of the food industries, where the contact conventional
methods of temperature determination (thermocouples, thermistors or resistance thermometers) are not
applicable due to altering of electrical signals and/or corrosion of the thermocouple junction [1]. Moreover,
the importance of non contact thermometry in biomedical areas is enormous. For instance, a variety of
cellular events, such as cell division and metabolism, are marked by temperature changes, cellular
pathogenesis of cancer and other diseases is characterized by heat production, and increasing temperature
beyond 45 °C leads to denaturation of biological molecules causing the necrosis of cells and tissues [2].
Consequently, regular monitoring of the temperature distribution in body regions of patients would be
mandatory in the near future.

There are various types of non-contact nanothermometry approaches. The most studied is the luminescent
nanothermometry based on temperature-dependent emission intensity, lifetime values, band shape or
position of emission bands. These methods offer relatively high detection sensitivity and spatial resolution
in short acquisition time, even in biological fluids, strong electromagnetic fields and fast-moving objects
[3-9]. Lifetime-based thermometry has a lot of advantages when compared with intensity based approaches,
since it can eliminate problems related with movement, shading and light distribution of the sample. Also
this technique is much faster and can be used for high temperature measurements avoiding the black body
radiation [10-13].

Many systems emit light through downconversion mechanisms of the excited wavelength, in which UV or
high energy visible light are used as the excitation source to obtain emissions at longer wavelengths. The
main limitation is that light in this range of wavelengths is absorbed by the surrounding biological tissues.
This leads to background fluorescence, that can mask the signal emitted by luminescent nanoparticles used
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to determine temperature and can also damage the biological tissue [14,15]. The use of upconversion
nanoparticles, which exhibit efficient visible emission properties after being excited with near infrared
(NIR) energy, can obviously overcome these problems and also provide a dual function of imaging and
temperature sensing at the nanoscale [16].

Er®* doped and Yb*, Er** co-doped upconversion systems have received increasing interest in recent years
in applications comprising bioimaging [17-19], displays [20] and nanothermometry [21-27]. The
potentiality of Er®*, Yb* co-doped upconversion nanoparticles for nanothermometry in the biological range
of temperatures has been recently demonstrated. Vetrone et al. have measured the internal temperature of
living HelLa cells incubated with Er,Yb:NaYF, nanoparticles from 25 °C to its thermally induced death at
45 °C [27]. Fischer et al. sensed temperatures in human embrio kidney cells using the same nanoparticles at
18 °C and 33 °C through confocal fluorescence microscopy images of the green and red emissions of Er®* in
these nanoparticles and comparing their intensities [28].

However, up to now these upconversion systems have been used as nanothermometers through emission
intensity based approaches, due especially to the suitable energy gap between the 2Hiy;, and Ss, energy
levels of Er®* that are thermally coupled. In this work we present the potentiality of temperature dependent
fluorescent lifetimes in the biological range of Er,Yb:NaY,FsO nanoparticles. Er,Yb:NaY,FsO nanocrystals
present a higher thermal coefficient than Er,Yb;NaYF, nanoparticles, with interesting possibilities as
thermal sensors at the nanoscale for biomedical applications, as we demonstrate for sub-tissue temperature
determination in chicken breast.

EXPERIMENTAL SECTION

Er,Yh:NaY.FsO nanoparticles were provided by Boston Applied Technology. The size and morphology of
Er,Yb:NaY,FsO nanoparticles were determined by using a Transmission electron microscope (TEM) JEOL
JEM-1011 operating with an accelerating voltage of 100 kV.

For luminescence decay-time experiments, Er,Yb:NaY,FsO nanoparticles were excited at 980 nm with an
optical parametric oscillator from Opotek (Vibrant HE 355 [1+UV) with a pulse duration of 6 ns and a
repetition frequency of 10 Hz. The fluorescence light emitted by the sample was collected with a
microscope objective, transferred to the monochromator for the selection of specific wavelengths, and then
detected using a Hamamatsu R928 photomultiplier. The decay of the signal was measured as a function of
time with a digital oscilloscope.

For lifetime thermal sensing experiments, Er,Yb:NaY,FsO nanoparticles were introduced into a Linkam
THMS 600 heating stage, with temperature controlled by thermocouples connected to the heating stage.
After calibration, Er,Yb:NaY,FsO nanoparticles were dispersed in distilled water and injected into a fresh
chicken breast. A heating laser with emission at 1090 nm was focused in the chicken breast using a
microscope objective. A second laser with emission at 980 nm was focused in the sample, spatially
overlapping with the heating spot, to pump the luminescent nanoparticles. The generated fluorescence by
the nanoparticles was collected by the same objective and after passing the selected filters was focused into
the photomultiplier tube connected to the digital oscilloscope. Figure 1 shows a schematic representation of
the setup used in the ex-vivo sub-tissue temperature determination.
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Nanoparticlesin
distillated water
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Figure 1. Scheme of the setup used in the experiment of ex-vivo sub-tissue temperature determination in chicken breast
using a heating laser emitting at 1090 nm and a pumping laser for the luminescent nanoparticles emitting at 980 nm.

RESULTS AND DISCUSSION

We studied the temperature dependent fluorescence lifetime of the 545 nm emission line of
Er,Yh:NaY,FsO nanoparticles in the biological range of temperatures from 25 to 60 °C. Temperature-
dependent normalized lifetimes of Er,Yb:NaYF, and Er,Yb:NaY,FsO nanoparticles for the 545 nm
emission line at the biological range of temperatures are shown in Figures 2 (a, b), defined as t"*(T) =
t(T)/(25 °C), where t(T) is the lifetime measured at a determined temperature and ©(25 °C) is the lifetime
measured at room temperature. In both cases, lifetime decreases almost linearly with temperature. In order
to have a practical indicator of temperature using lifetime measurements, it is highly desirable to have a
linear dependence with temperature since it simplifies the calibration of the system. Thus, in this case we
have excellent temperature sensors, especially in the case of Er,Yb:NaY,FsO nanoparticles where the slope
of the linear fit is higher.

For all kind of temperature sensors it is important to know the sensitivity of the measured parameter, i.e.
the magnitude of the change of this parameter for every degree of temperature increased. Here, the
sensitivity is represented by the thermal coefficient, that is defined as the first derivative of the normalized
fluorescence lifetime at a given temperature to respect the temperature, and estimates the ability to measure
small temperature changes associated to large changes in the measured fluorescence lifetimes. From the
experimental data shown in Figures 2 (a,b) we calculated the thermal coefficient as the derivative of the
linear fitting, as it is shown in the graphs. Thus, in our case, the thermal coefficients can be associated to
the slopes of these linear fittings. They have values of 5.4 x 102 °C* for Er,Yb:NaYF, and 15 x 10 °C for
Er,Yb:NaY,FsO nanoparticles. This represents that ar(Er,Yb:NaY,FsO) =~ 3- ar(Er,Yb:NaYF,). The more
pronounced change in lifetime in Er,Yb:NaY,FsO is associated to the nature of these nanoparticles. It is
well known that non-radiative relaxation and multiphonon phenomena, responsible for the shortening of
fluorescence lifetime decays, are more significant in oxide materials than in fluoride ones [12].
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Figure 2. Calculated normalized lifetime values as a function of temperature for (a) Er,Yb:NaYFs and (b) Er,Yb:NaY2FsO
nanoparticles.

In order to demonstrate the potential application of the lifetime thermometry of the green up-conversion
emission obtained in Er,Yb:NaY,FsO nanoparticles, we have performed an ex vivo temperature
determination experiment in chicken breast that was heated by an additional laser beam. Er,Yb:NaY,FsO
nanoparticles were dispersed in water, and injected into a fresh chicken breast within a depth of 1 mm.
Measurements of the lifetime of the emission at 545 nm in the chicken breast where recorded in a double
beam confocal microscope, by pumping the luminescent nanoparticles at 980 nm through a microscope
objective, while a 1090 nm continuous laser beam was spatially overlapped and used as the heating beam
due to the non vanishing absorption coefficient of water at this wavelength. The fluorescence generated
from the sample was collected by the same objective, and after passing selected filters and lenses was
focused into the photomultiplier tube connected to a digital oscilloscope.

Figure 3(a) shows the reduction of the lifetime measured inside the chicken breast as the power of the
heating laser was increased from 0 to above 1.5 W. As can be seen in the graph, the lifetime is substantially
reduced from ~160 ps when the laser was off, to less than 120 ps for a power of the heating laser slightly
above 1.5 W. Since Er,Yb:NaY,FsO nanoparticles do not absorb energy at 1090 nm, the reduction in the
lifetime of the green emission of these particles is only due to the heat induced in the chicken breast tissue
surrounding the nanoparticles by the heating laser beam. Thus, this evolution of the lifetime indicates the
progressive heating of the tissue surrounding the nanoparticles by the effect of the increasing power of the
1090 nm laser. These data were used to determine the temperature inside the chicken breast, the sub-tissue
temperature, as a function of the laser heating power, as can be seen in Figure 3(b). When the heating laser
was off, the chicken breast was at room temperature, at around 20 °C. By switching the heating laser on, the
temperature of the chicken breast could be increased to 25 °C, for a power of the laser of 0.5 W, and to
above 30 °C for a power of the laser slightly higher than 1.5 W. Furthermore, the heating capacity of the
laser seems to have a linear tendency with its power, as can be seen in this figure.
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Figure 3. (a) Change of lifetime values when the power of the heating laser was increased; (b) Sub-tissue temperature
increment measured through lifetime variations in the 545 nm emission line of Er,Yb:NaY2FsO nanoparticles as a function
of the increase of the laser heating power.

CONCLUSION

Here we present how lifetime measured for the green emission produced by an upconversion process in
Er,Yb-co-doped luminescent nanoparticles has been used as a thermal nanoprobe. The demonstrated
capacity to determine sub-tissue temperatures in the biological range, together with the high thermal
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coefficient obtained for Er,Yb:NaY,FsO nanoparticles, indicate the potentiality of this technique for future
temperature determination in living organisms.

ACKNOWLEDGEMENTS

This work was supported by the Spanish Government under projects No. MAT2011-29255-C02-02,
MAT2010-16161 and TEC2010-21574-C02-02, the Catalan Government under project No.
2009SGR235, the European Commission within the Seventh Framework Program under project No.
FP7-SPA-2010-263044, and by the Universidad Auténoma de Madrid and Comunidad Auténoma de
Madrid (Project S2009/MAT-1756). O.A. Savchuk is supported by Catalan Government through the
fellowship 2013FI_B 01032. P.H.G. thanks Fundacion Doctor Manuel Morales and Ministerio de
Economia y Competitividad (subprograma Juan de la Cierva) for financial support.

REFERENCES

[1]. Chris D. Geddes,Joseph R. Lakowicz, [Reviews in Fluorescence V.1], Kluver Academic/Plenum
Publishers, New York, 21-26 (2004).

[2]. B. Hildegrandt, P. Wust, O. Ahlers, A. Dieing, G. Sreenivasa, T. Kerner, R. Felix, H. Riess, “The
cellular and molecular basis of hyperthermia,” Crit. Rev. Oncol. Hemat. 43, 33-56 (2002).

[3]. T. Barilero, T. Le Saux, C. Gosse and L. Jullien, “Fluorescent thermometers for dual-emission-
wavelength measurements: molecular engineering and application to thermal imaging in a microsystem,”
Anal. Chem. 81, 7988-8000 (2009).

[4]. O. S. Wolfbeis, “Sensor paints,” Adv. Mater. 20, 3759-3763 (2008).

[5]. S. Allison and G. Gillies,”’Remote thermometry with thermographic phosphors: instrumentations and
applications,” Rev. Sci. Instrum. 68, 2615-2650 (1997).

[6]. P. R. N. Childs, J. R. Greenwood and C. A. Long, “Review of temperature measurement,” Rev. Sci.
Instrum. 71, 2959-2978 (2000).

[7]. S. Uchiyama, A. P. de Silva and K. Iwai J., “Luminescent molecular thermometers,” Chem. Educ. 83,
720-727 (2006).

[8]. A. L. Heyes, J. Lumin., “On the design of phosphors for high-temperature thermometry,” 129, 2004-
2009 (2009).

[9]. Ashiq Hussain Khalid and Konstantinos Kontis, “Thermographic phosphors for high temperature
measurements: principles, current state of art and recent applications,” Sensors 8, 5673-5744 (2008).

[10]. T. Sun, Z. Y. Zhang, and K. T. V. Grattan, “Erbium/ytterbium fluorescence fiber optic temperature
sensor system,” Rev. of Sci. Instrum. 71, 11 (2000).

[11]. Chie Gota, Seiichi Uchiyama, Toshitada Yoshihara, Seiji Tobita, and Tomohiko Ohwada,
“Temperature-dependent fluorescence lifetime of a fluorescent polymeric thermometer, poly(n-
isopropylacrylamide), labeled by polarity and hydrogen bonding sensitive 4-sulfamoyl-7-
aminobenzofurazan,” J. Phys. Chem. B 112, 2829-2836 (2008).

[12]. M. D. Chambers and D. R. Clarke, “Doped oxides for high-temperature luminescence and lifetime
thermometry” Annu. Rev. Mater. Res., 325-359 (2009).

[13]. P. Haro-Gonzalez, L. Martinez-Maestro, |. R. Martin, J. Garcia-Sole, and D. Jaque, “High sensitivity
fluorescence lifetime thermal sensing based on CdTe quantum dots,” small, 8 (17) 2652-2658 (2012).

[14] Y. T. Lim, S. Kim, A. Nakayama, N. E. Stott, M. G. Bawendi, and J. V. Frangioni, “Selection of
quantum dot wavelengths for biomedical assays and imaging,” Molecular Imaging 2 (1) 50-64 (2003).

[15]. Stephen P. Jackson and Jiri Bartek, “The DNA-damage response in human biology and disease,”
Nature 461, 1071-1078 (2009).

[16]. N. N. Dong, M. Pedroni, F. Piccinelli, G. Conti, A. Sharbati, J. E. Ramirez-Hernandez, L. M.
Maestro, M. C. Iglesias-de la Cruz, F. Capobianco, J. G. Sole, M. Bettinelli, D. Joque, and A. Speghini,
“NIR-to-NIR Two-Photon Excited CaF,:Tm®*,Yb* Nanoparticles: Multifunctional Nanoprobes for Highly
Penetrating Fluorescence Bio-Imaging,”” ACS Nano, 5, 8665-8671 (2011).

[17]. G. Jiang, J. Pinchaandi, N. J. J. Jonhson, R. D. Burke, F. C. J. M. Van Veggel, “An effective polymer
cross-linking strategy to obtaine stable dispersion of upconverting NaYF4 nanoparticles in buffers and
biological growth media for biolabeling applications,” Langmuir 28,3239-3247, (2012)

[18]. Z. Li, Y. Zhang, S. Jiang, “Multicolor Core/Shell-Structured Upconversion Fluorescent
Nanoparticles,” Adv. Mater. 20 4765-4769, (2008)

[19]. G. S. Yi, H. C. Lu, S. Y. Zhao, G. Yue, W. J. Yang, D. P. Chen, L. H. Guo, “Synthesis,
characterization and biological application of size-controlled nanocrystalline NaYF4 : Yb,Er infrared-to-
visible up-conversion phosphors,” Nano Letters 4 2191 (2004).

121


http://pubs.acs.org/doi/abs/10.1021/nn202490m
http://pubs.acs.org/doi/abs/10.1021/nn202490m

UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: I. New detection techniques

[20]. A. Rapaport, J. Milliez, M. Bass, A. Cassanho and H. Jenssen, “Review of the Properties of Up-
Conversion Phosphors for New Emissive Displays,” Journal of display technology, V. 2, 1, 68-78 (2006).
[21]. Riya Dey, Anurag Pandey, Vineet Kumar Rai, “Er**-Yb* and Eu**-Er**-Yb*" codoped Y,0s as a
optical heater” Sensors and Actuators B 190, 512-515 (2014).

[22]. Lu Liu, Yujin Chen, Xinlu Zhang, Zhengno Zhang, Yuxiao Wang, “Improved optical thermometry in
Er®*:Y,05 nanocrystals by re-calcination,” Optics Comm. 309, 90-94 (2013).

[23]. Nikifor Rakov, Glauco S. Maciel, “Three-photon upconversion and optical thermometry
characterization of Er®:Yb% co-doped yttrium silicate powders,” Sensors and Actuators B 164, 96-100
(2012).

[24]. B. S. Cao, Y. Y. He, Z. Q. Feng, Y. S. Li, B. Dong, “Optical temperature sensing behavior of
enhanced green upconversion emissions from Er—Mo:Yb,Ti,O; nanophosphor,” Sensors and Actuators B
159, 8-11 (2011).

[25]. K. Wu, J. Cui, X. Kong, and Y. Wang, “Temperature dependent upconversion luminescence of Yb/Er
codoped NaYF, nanocrystals,” J. of Appl. Phys. 110, 053510 (2011).

[26]. Shaoshuai Zhou, Kaimo Deng, Xiantao Wei, Guicheng Jiang, Changkui Duan, Yonghu Chen, Mi Yin,
“Upconversion luminescence of NaYF,: Yb%*, Er®* for temperature sensing,” Optics Comm. 291, 138-142
(2013).

[27]. F. Vetrone, R. Naccache, A. Zamarron, A. Juarranz de la Fuente, F. Sanz-Rodriguez, L. M. Maestro,
E. M. Rodriguez, D. Jaque, J. G. Sole, and J. A. Capobianco, Temperature Sensing Using Fluorescent
Nanothermometers,” ACS Nano 4, 3254-3258 (2010).

[28]. L.H. Fischer, G.S. Harmns, O.S. Wolfbeis, “Upconverting Nanoparticles for Nanoscale

Thermometry,” Chem. Int. Ed. 50, 4546-4551 (2011).

122


http://www.sciencedirect.com/science/article/pii/S0925400512001116
http://www.sciencedirect.com/science/article/pii/S0925400512001116
http://www.sciencedirect.com/science/article/pii/S0925400511004199
http://www.sciencedirect.com/science/article/pii/S0925400511004199
http://www.sciencedirect.com/science/article/pii/S003040181201259X

UNIVERSITAT ROVIRA I VIRGILI

DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: I. New detection techniques

Paper IV

Savchuk, Ol. A.; Carvajal, J. J.; Cascales, C.; Massons, J.; Aguilo, M.;
Diaz, F. Thermochromic upconversion nanoparticles for visual
temperature sensors with high thermal, spatial and temporal resolution
(2016) To be submitted to ACS Applied surfaces & interfaces.

123



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: I. New detection techniques

124



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: I. New detection techniques

Thermochromicupconversion nanoparticles for visual temperature

sensors with high thermal, spatial and temporal resolution
Ol. A. Savchuk, J. J. Carvajal,* C. Cascales, J. Massons, M. Aguild, F. Diaz

Luminescence thermometry is one of the most currently studied approaches among the non-contact and
non-invasive thermometry techniques working at the micro- and nanoscale, useful in situations where
conventional thermometry is not able to make measurements, such as in temperature mapping of
microcircuits and microfluidics. Here we present the first, to the best of our knowledge, thermochromic
temperature small scale sensor based on the blue to deep red color change of the upconverted light from
Yb3+-sensitized Tm3+-doped GdVO4@SiO2 core-shell nanoparticles under near infrared (NIR) excitation
(Aexc = 980 nm). The electronic coupling of corresponding 1G4 (blue) and 3F2 (deep red) Tm3+ emitting
levels has been experimentally evidenced. Furthermore, we propose energy transfer schemes accounting
for the thermal evolution of the electronic populations of these energy levels that support the
temperature dependent ratiometric relationship between the intensities of the visible signals, and thus
provide the internal calibration to the temperature sensing system. To show the potentiality of our
nanothermometer, we monitored the heating process produced by Joule effect in a Pt wire, 50 um in
diameter, with thermal and temporal resolutions of +0.1 K and <16 ms, respectively. The results matched
very well with the theoretical modeling for this system.
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A. Introduction

The knowledge of temperature at low-sized micro- and sub-
micrometer scales, with adequate high spatial resolution and high
sensitivity is essential in several industrial processes and scientific
research. At these size scales heat transfer and related
thermodynamic phenomena are drastically altered, and the
dynamics and performances of micrometric and nanostructured
systems are strongly determined by temperature. Thus, sensing
temperature in an accurate way with high spatial resolution is critical
in micro- and nanoelectronics, micro- and nanophotonics,
microfluidics and nanomedicine.! In micro- and nanoelectronics it is
necessary to take into account the non-negligible Joule heating
effect arising from the reduced dimensions of electrical conduction
channels, in which small variations in the local resistance could
generate localized temperature increments (hot-spots) that can
cause performance deterioration or even failure of the electronic
systems.2 Light control and manipulation in integrated photonic
devices are achieved by small scale controlled variations of local
refractive indexes. Thus, variations in the local temperature might
strongly affect their performances.? In optofluidics, where light is
used to manipulate micron sized objects (including living specimens)
moving within micro-fluidic channels through the use of optical
forces, residual absorption of fluids at laser radiation wavelengths
can cause heat loading and malfunctions of the devices,* thus
temperature determination at this scale is also of paramount
importance in this field. Also, thermal sensing of biological systems
might allow early detection of many diseases, including cancer,
which are primarily manifested by the appearance of thermal
singularities due to the incremented metabolic activity of the living
cells,2 and additionally the temperature control is crucial in
hyperthermal tumor treatment and photodynamic therapies, in
order to minimize thermally induced damage in surrounding tissues.
The limitations of contact thermometers when they reach small size
scales (shot noise, tunnel junction effects, etc) had led to the
development of non-contact temperature sensing techniques,
among which optical thermometers based on temperature-
dependent emission lifetimes and intensity of dye-sensitized
polymer dots, semiconducting quantum dots, and lanthanide (Ln3*)-
doped materials, are arising as a strong alternative.>® Optical-fiber
temperature sensing devices making use of the temperature
dependence of the fluorescence decay time,” or the emission
intensity,® built in the latter three decades, constitute preceding
approaches of these current development.

Of particular interest are those luminescent thermometers based on
upconversion nanoparticles containing Ln3* ions,® (Ln-UCNPs), that
absorb light in the near-infrared (NIR) region of the electromagnetic
spectrum, and emit light in the visible range. Upconversion is a
nonlinear photoexcitation process where two or more photons, with
low energy, typically in the NIR, are sequentially absorbed by a Ln3*
ion, followed by the emission from low-lying higher energy electronic
states of the same or a different Ln3* ion with which the initial one
experiences a resonant energy transfer process.!® In that case,
temperature determination is usually based on the measurement of
the intensity ratio between two fluorescence transitions (FIR) arising
from two closely spaced, thus in thermal equilibrium (“thermally-
coupled”) electronic energy levels, being the FIR an intrinsic function
of the temperature alone. The main advantage of the ratiometric FIR
methodology for temperature sensing is its independency of signal
losses and possible fluctuations in the excitation intensity. A further
crucial benefit for intended applications of Ln3*-doped upconversion
nanothermometers is associated to the NIR light used for exciting
them, which extends the operating lifetime of the luminescent
nanoparticles, avoiding the degradation problems generated, for
instance, if the nanoparticles are pumped with UV light.
Furthermore, when used in biological applications, NIR light can

deeply penetrate the biological tissue, while it does not cause
background luminescence in the visible.'* However, the use of visible
emitted wavelengths restricts their real application in this field due
to their short tissue penetration depths, caused by tissue scattering
and specific absorptions of tissue components.!! Also, illumination of
biocompatible fluids like PBS with tightly focused femtosecond NIR
lasers generates white light that can mask the emission arising from
the thermal probes emitting in the visible.12

Unfortunately, some limitations to the efficiency of upconverted
light from Ln-UCNPs arise from to their inherently large surface area,
which contains defects and a variety of luminescence quenchers,
thus favoring non-radiative relaxations.’®> By choosing low-phonon
matrices such as halides, multiphonon de-excitation probabilities are
minimized, overcoming this problem to some extent. However,
halide-based materials are usually hygroscopic and show relatively
poor chemical and photophysical stabilities compared with oxide
matrices. Also, most of the preparative routes for halide-based Ln-
UCNPs are complex and environmentally harmful.

Among potential Ln-UCNPs alternative to halide-based materials,
nanocrystalline tetragonal zircon-type Ln3*-doped GdVO, prepared
by a low temperature cost-effective hydrothermal method offers an
opportunity to develop a satisfactory optical nanothermometer. The
GdVO, host is characterized by high optical absorption and emission
cross-section values for the Ln3*-doping ions, relatively high thermal
conductivity and moderate cut-off phonon energy. When coated
with SiO,, Yb3* sensitized, Ln3*-doped GdVO,4 nanocrystals (here after
Ln, Yb:GdVO,@SiO;) show improved intensity of the upconverted
visible emitted light following NIR diode laser excitation.!* Ladder-
like energy levels of Tm3* offers the possibility of simultaneous blue,
red and deep red visible emissions under NIR excitation. In this work
we demonstrate a new thermochromic nanosensor involving the
temperature dependent blue to deep red light color change in
Tm,Yb:GdVO,@SiO, UCNPs whose Tm3* concentration has been
optimized, with high thermal, spatial and temporal resolutions. We
proved the potentiality of our detector to monitor the heating
process generated in a Pt microwire by the Joule effect.
Furthermore, we also experimentally establish that blue and deep
red lights are emitted from electronically coupled®® 3F,; and G,
Tm3*energy levels, and we propose the electronic energy transfer
schemes that support the temperature dependent ratiometric
relationship between the intensities of these visible signals for a
fixedTm3* concentration, thus providing an internal calibration to this
temperature sensing system. Up to date, only deep red to NIR
ratiometric thermal sensing through thermally coupled 3F, 3 and 3H,
energy levels has been demonstrated in Tm3*-doped CaF,
nanoparticles,*Tm3*-doped LiNbO; nanocrystals,'® mixed hexagonal
and cubic Tm3*-NaYbF,@SiO, microparticles,’” and other sub-
micrometric systems. 1819

B. Materials and Methods

Crystalline nanoparticles of GdVO,doped with Tm3* (0.2 — 5.0 mol%),
and sensitized with Yb3* (15 mol%), whose single excited ?Fs, state
provides a large absorption cross-section for the diode laser
excitation at ~980 nm as well as efficient energy transfer to Tm3",
have been prepared (2 mmol) using NH,VOs(Cerac, 99.5 %) and
lanthanide nitrates (Gd(NOs);:6H,0, Yb(NO3)3:6H,0, Tm(NO3)3:6H,0,
Strem Chemicals, 99.99%) as reactants. The first step involves the
preparation of the solution (distilled water, 40 ml) of the required
amounts of lanthanide nitrates and NH,VOs3, with the pH adjusted to
7 by adding dilute NH,OH under stirring during 1 h. In each case, the
yellow dispersion was afterwards hydrothermally treated at 458 K
during 24 h in sealed Teflon-lined autoclaves of 75 ml capacity. The
product obtained was separated by centrifugation, several times
washed with distilled water and overnight dried at 393 K in open air.

To achieve improved emission efficiency, the hydrothermal prepared
samples were annealed to 873 K for 5 h. Further coating of the
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nanoparticles surface with a layer of controlled thickness of silica
SiO, was also carried out. The formation of the SiO, coating requires
the base-catalyzed hydrolysis of tetraetoxysilane (Si(OC;Hs)s, TEOS,
liquid, Alfa Aesar 99%) and subsequent condensation of silanol (Si-
OH) groups onto the surface of Tm, Yb:GdVO,4 nanoparticles. A half
of the prepared amount of above samples was dispersed in an
ethanolic (40 ml ethanol absolute 99.5% Emplura Merck + 4 ml
distilled water) solution with the pH adjusted to 9 with diluted
NH4OH, and then 2 ml of TEOS were added and kept under stirring
for 4 h. The product was finally washed with ethanol, centrifuged
and dried to 393 K.

The crystalline phase of the different Tm,Yb:GdVO, samples was
characterized at room temperature by powder X-ray diffraction
(XRD) using a Bruker AXS D-8 Advance diffractometer with Cu Ka
radiation. Hydrodynamic particle size distributions were measured
by dynamic light scattering (DLS) using a Vasco 2-Cordouan
equipment, with samples dispersed in distilled water. Transmission
electron microscopy (TEM) images were obtained with a JEOL
2000FXII microscope with an accelerating voltage of 200 kV, and high
resolution TEM (HRTEM) images were obtained with a JEOL model
JEM-4000EX microscope, with an accelerating voltage of 400 kV.

The emission spectra of Tm,Yb:GdVO,@SiO,nanoparticles from room
temperature up to 673 K were recorded by pumping at 980 nm with
an Apollo Instruments, Inc. cw diode laser. The power of the laser
was changed between 200 and 600 mW to pump samples with 1 and
2% Tm?, and the rest of the samples, respectively. The diameter of
the laser spot after focusing was 5 mm2. However, it transformed to
an ellipsoid with an area of 9 mm?2 when projected onto the sample
since the incident laser illuminated the sample at 452. In these
conditions the laser power density in the surface of the samples was
24 mW cm2. The samples were illuminated with the laser only during
the time needed to record each spectrum, to avoid any thermal
heating of the samples induced by the excitation laser. Temperature
of the samples was controlled by fixing them in a modified heating
stage Linkam THMS 600 that incorporates a boron nitride disk to
improve the homogeneity of temperature distribution along the
sample and with a thermocouple placed below the sample to have
an approximation of the real temperature on the sample on the
temperature controller. The emission from the samples was
dispersed in a JobinYvon HR 460 monochromator. A Hamamatsu
PMTR 928 photomultiplier tube connected to a Perkin EImer DSP-
7265 lock in amplifier was used to detect and amplify the collected
signal. Finally, pictures illustrating the color of the emission
generated by the samples were recorded using a CCD camera
Thorlabs DCU224C, and the emission spectra were recorded with a
AVANTES AVS-USB2000 fiberoptic spectrometer.

C. Results and Discussion

All prepared Tm,Yb:GdVO,; and Tm,Yb:GdVO,@SiO,core-shell
nanoparticles are yellow in color, and present the pure
tetragonal /14;/amdzircon-type phase (JCPDS File 86-0996). The
described procedure to synthesize Tm,Yb:GdVO, nanoparticles
involves considerably softer temperatures than those usually
required in solid-state reactions (~1473 K)2° to achieve
polycrystalline tetragonal vanadates, commonly used as
starting materials for Czochralski crystal growth of
corresponding laser crystals (~2273 K).2! Figure 1 depicts the
powder X-ray diffraction (XRD) patterns of raw hydrothermal
Tm, Yb:GdVOjnanoparticles annealed at 873 K for 5 h, and the
corresponding core-shell structures. By using Scherrer’s
equation the mean particle size of raw hydrothermal
nanoparticles (i.e., individual crystalline domains or ‘primary
crystalline nanoparticles’) calculated from the full width at half
maximum (FWHM) of the observed Bragg peak at ~25° (20) is
~27 nm (see Fig. 1(a)). After thermal annealing at 873 K the
observed narrowing of diffraction peaks indicates that the
mean particle size increases to ~35 nm, Figure 1(b).

additional reflections have been detected for SiO,-coated
samples, the rougher background reflecting the presence of
amorphous SiO,.

Figure 1(d) displays a characteristic TEM image of the annealed
vanadate nanoparticles, with polygonal sections. Figures 1(e)-
1(g) correspond to Tm, Yb:GdVO,@SiO, core-shell
nanoparticles, with darker and lighter parts being the Tm,
Yb:GdVO, core and their amorphous silica coating, respectively.
It is observed that the coating layer has a thickness of ~5 nm,
uniformly around all nanoparticles, which mostly retain their
initial polygonal shape. HRTEM images of discrete nanoparticles
reveal in all cases a well-defined single crystal structure
characteristic of the tetragonal /4;/amd symmetry of GdVO,.
From the lattice fringes in Figure 1(g) the resolved interplanar
spacing are found to be about 0.473 nm, consistent with the d-
spacing between (101) planes of GdVO, (JCPDS File 86-0996).
Characteristic results from DLS measurements on the particle
size distribution of Tm,Yb:GdVO, annealed at 873 K and silica-
coated Tm,Yb:GdVO,@SiO, samples are included in the
Supplementary Information, Figures S1(a) and Si(b),
respectively. Their corresponding XRD patterns are those shown
in Figures 1(b) and 1(c). The DLS histogram in Figure S1(a)
indicates a narrow size distribution, with around 80% of
nanoparticles having sizes in the range of 30-45 nm, in
agreement with the calculated average size from XRD data, the
difference being mainly due to the effect of the double layer
thickness around the nanoparticles on the measurement of
hydrodynamic radius carried out by DLS. For
Tm,Yb:GdVO,@SiO, the histogram in Figure S1(b) indicates that
around 65% of nanoparticles have sizes between 90 and 135
nm, and the difference with the calculated average size from
XRD data arises from the presence of aggregates of the primary
nanoparticles, i.e., aggregates of the individual crystalline
domains measured by XRD.
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Fig. 1 X-ray diffraction (XRD) patterns of Tm, Yb:GdVO4 samples: (a) The
raw sample prepared by 24 h of hydrothermal synthesis at 458 K with pH
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7; (b) The sample after thermal annealing at 873 K during 5 h; (c) The
annealed sample with further coating with a layer of ~ 5 nm of SiO,. For
comparison the XRD pattern scheme of tetragonal 141/amd GdVOa, JCPDS
File 86-0996 has been also included; (d) TEM image of hydrothermal
nanoparticles annealed at 873 K showing polygonal sections; (e), (f) and
(g) HRTEM images of nanoparticles coated with a 5 nm-shell of SiO,.

Figure 2(a) depicts a schematic representation of the
distribution of energy levels of Yb3* and Tm3* as well as the
energy transfer mechanisms proposed for visible upconversion
emissions in GdVO, under NIR excitation at 980 nm. Figure 2(b)
shows the upconversion spectra of the 1%Tm3*, 15%Yb3*:
GdVO,@SiO, sample, from room temperature up to 673 K
under NIR (980 nm) diode laser excitation. Typically three
emission bands are observed in the visible range, at ~473 nm
(blue), corresponding to the 1G,—>3Hs Tm3* transition, at ~642
nm (red), attributed to the 'G,—>3F, Tm3* transition, and at ~700
nm (deep-red), assigned to the 3F3—>3Hs Tm3* transition. The
relative intensity of these transitions changes by increasing the
temperature of the sample, being especially noteworthy the
observed evolution of the blue and deep-red upconverted
bands intensities. At room temperature the blue emission at
~475 nm is dominant, and the intensity of the deep-red band at
~700 nm is small, however, by rising the sample temperature
the intensity of the blue band decreases while the intensity of
the deep-red one increases, becoming significant at
temperatures above 473 K. Finally, at the higher temperature
measured, 673 K, the blue emission is severely quenched while
the deep red one is enhanced by a factor of 3.1 with regards to
its intensity at room temperature.

Thus, a temperature sensor can be built based on thermally
induced changes in the intensity ratio of deep red and blue
upconversion emissions  (lzoo/la7s) of 1% Tm3*, 15%
Yb3*:GdVO,@SiO,nanoparticles. Such ratiometric approach
derives from the different temperature dependencies of
radiative and non-radiative relaxation rates of blue and deep
red emitting levels, as well as of the temperature dependent
energy transfer rate from the first to the latter,?%23 and provides
an internally calibrated signal to the sensing system. The
mechanism for thermal sensing using current vanadate
nanoparticles under diode laser excitation at 980 nm is
proposed in Figure 2(a). For 1% Tm3, 15% Yb3:GdVO,
nanoparticles kept at room temperature, the population of the
blue emitting G, Tm3* level can be explained by sequential
three-photon absorption and energy transfer processes from
excited Yb3*. In a first step, the excited Yb3* 2Fs/, level transfer
part of its energy to the 3Hs level of Tm3*, from which electrons
relax very fast to the 3F, energy level. Then a second energy
transfer from Yb3* promotes Tm3* to the 3F, energy level, which
relaxes populating the3F; and 3H, energy levels. Finally, the
third electronic energy transfer promotes Tm3*in 3H, to the G,
level. The blue and red emissions centered at 475 and 642 nm
arise from radiative 'G4—>3Hg and 'G4—>3F, electronic transitions,
respectively. The progressive quenching of the blue emission
from 1Gsand the simultaneous development of the deep-red
emission from 3F3 when the temperature increases point to the
efficiency enhancement of some cross-relaxation (CR)
processes, from which both G, depopulation and
(3F,)3Fspopulation take place: i) ['Ga, 3He]=>[ (3F2)3Fs, 3F4], see
the scheme CR1 in Figure 2(a); additionally in this step the
enhanced population of 3F; can also contribute to feed
(3F,)3Fslevels via energy transfer from Yb3* to Tm3*. ii) [1G,,
3He]>[3Ha, 3Hs], and iii) [*Ga, 3He]=>[3Hs, 3Hy4], see the schemes
CR2 and CR3, respectively, in Figure 2(a). (3F,)3F; energy levels
are separated of the 3H, level by an energy difference of ~1900
cm,24 and they have demonstrate to constitute thermally
coupled states. Thus, the upper (3F;)3F; levels can be populated
from the 3H, level when the temperature increases,'>1® see

orange circular arrows (in the digital version) drawn between
3H,4 and (3F,)3F3 in Figure 2(a).
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Fig. 2(a) Schemes of Yb** and Tm3' energy levels and proposed
mechanisms responsible for populating Tm** levels involved in observed
blue, red and deep red emissions. Evolution from room temperature up to
673 K of upconversion spectra under 980 nm excitation: (b) Sample doped
with 1% Tm?>*. (c) Sample doped with 0.2 % Tm?".

The above CR processes for depopulating G, and, directly (CR1)
or indirectly (CR2, CR3), feeding (3F,)3Fz levels turn out to be
important for concentrated samples, as for the measured 1%
Tm-doped sample, and in fact, samples with lower Tm3* content
do not shown such strong deep-red emission from 3Fs, as will be
seen afterwards. To illustrate this point, the evolution with the
temperature of the emission spectrum corresponding to a
sample doped with low Tm3* concentration (0.2%) can be seen
in Figure 2(c), in which the small development of the deep-red
band indicates that the Tm3* concentration threshold for
efficient CR has not been achieved. Proposed CR1, CR2 and CR3
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processes have been previously described, and satisfactorily
confirmed by an analytical model based on the luminescence
decay curves and Judd-Ofelt theory, as responsible for the
quenching of the blue emission from G, excited state and the
strong development of the deep-red emission from 3F; state in
a Tm,Yb-doped glass system.?> In this last system, the indicated
CR processes result strengthened due to the decrease of Tm3*
distances induced by the crystallization of the glass. In 1% Tm,
15% Yb:GdVO,@SiO, nanoparticles, where the Tm3*
concentration has been optimized, the efficiency of the same
CR energy transfers, which leads to near complete quenching of
the blue emission from 1G4 and the related enhancement of the
deep-red emission from 3F;, is associated to the increasing
temperature in the crystalline environment. Additionally, the
specific distribution of the involved Tm3* energy levels in the
GdVO, host,?* supports near-resonant CR2 and CR3 energy

5
o
!

R(T) = 0.44 + 0.002exp[0.015T]

w
o
!

N
o
!

104

. . ~
Intensity ratio I /1, . EJ/

300 350 400 450 500 550 600 650

transfers. Temperature (K)
To assess the temperature sensing performance of 1% Tm, 15% 06
Yb:GdVO,@SiO, nanoparticles based in the evolution of deep (b) '
red and blue upconverted emissions, Figure 3(a) shows the plot
representing their intensity ratio R= lsg0/l475 as function of the 051
absolute temperature. It can be seen that the plot follows an
increasing exponential function. The experimental data can be 04
fitted to an exponential equation: ‘Tx
R(T) = Z% = A + Bexp[CT] (1) = 031
with A = 0.44+ 0.01, B = 0.0020+ 0.0003 and C = 0.0146+ m‘n“
0.0002. From Figure 3(a) it is clear that the l;g0/l47sintensity 0.2
luminescence ratio is strongly temperature dependent, varying
more than 5 times from 573 K and 673 K, thus it can ensure a 011
very precise temperature measurement in this range. Error bars
in Figure 3(a) reflect the reproducibility of the calibration curve 0,0
after analyses of several spectra for each measured 300 350 400 450 500 550 500 650
temperature. Following the usual definition, the intrinsic
sensitivity is the main value that indicates the ability of the Temperature (K)
sensor to detect small changes in temperature, which in general
terms is expressed as S(T)=0P/dT, where P is the measured
temperature-sensitive parameter. For ratiometric optical (C) 144
thermometry P is the ratio R between intensities of the two
emission bands, l700/l475in the currently proposed sensor:
a2y —~ "]
S(T) = —or (2) TK
From equation (2) the sensitivity S as a function of absolute 5 1.0
temperature was calculated, see Figure 3(b). It can be seen that 2\_,
the sensitivity S sharply increases with the temperature up to 2 08
0.6 K at 673 K, the higher measured temperature in this work. w
0,6
04

3(’)0 3;0 4(')0 4%0 5(’)0 5&0 660 6;0
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Fig. 3 (a) Calibration curve of the intensity ratio between the emission
peaks located at 475 and 700 nm (l700/la7s) as a function of temperature.
Error bars reflect the reproducibility of the calibration curve after analyses
of several spectra for each measured temperature; (b) Absolute sensitivity
as a function of temperature calculated from Equation (2); (c) Relative
sensitivity as a function of temperature calculated from Equation 5.

Sensitivity data found in the literature for temperature sensors
based in Ln-UCNPs are specifically related to the intensity ratio
of two closely spaced luminescent states of the active Ln3*
whose populations are in thermal equilibrium, i.e., thermally
coupled electronic levels, typically excited %S3/; and 2Hyy/; levels
in Er3*-doped?® and Yb3*, Er3*-codoped systems®?’ and 2F, 3 and
3H, excited states in Yb3*, Tm3*-codoped systems.16:1823 |n these
thermal sensing systems, the population exchange between the
two involved luminescent excited states is orders of magnitude
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faster than the luminescence decay from each excited state.
Accordingly, the relative population of thermally coupled states
follows a Boltzmann-type distribution, and their fluorescence
intensity ratio (FIR) FIR=1,(T)/1,(T) can be given by:

FIR = Cexp [~ kBAETZ] 3)

with C a constant depending on the degeneracy, the emission
cross-sections and the angular frequency of the electronic
transitions from the two excited thermally linked states to the
terminal level, AE the energy difference between these two
states, ks the Boltzmann constant, and T the absolute
temperature. Following the expression in Equation (2) the
absolute sensitivity (Sgs) of this kind of temperature sensor is
usually given as:28

Sans(M=51=R [~ =53] @
However, for current 1% Tm, 15% Yb:GdVO,@SiO,
nanoparticles the regulation of the electronic population
distribution over emitting G, and 3F, states is quite different.
Since the luminescence from G, populated by photon
absorption, occurs at the same time scale that energy transfers
to 3F,, directly by thermally enhanced CR1, or indirectly after
thermal equilibrium from 3H, by CR2 and CR3, see mechanisms
in Figure 2(a), the blue and deep-red emissions result to be
competitive, and G, and 3F, can be considered as electronically
coupled states.?* In fact, the expression of this electronic
coupling is the plot of the thermal evolution of 1500/l475 depicted
in Figure 3(a). Expressions for R(T) and then S(T) in plots of
Figure 3(a) and 3(b) are empirical developments, and obviously
do not include the AE value between G, and 3F, states.
To facilitate quantitative comparison of ratiometric optical
temperature sensors operating by different mechanisms, the

use of the relative sensitivity(S;) has been proposed:!

Srel(T)z 10R

RoT (5)
Hence, for a reliable comparison S, was also calculated
following Eq. (5) for 1% Tm, 15% Yb:GdVO,@SiO, nanoparticles,
and the result is plotted in Figure 3(c). The maximum S.=
1.54% K was observed at the upper range of measured
temperatures. When compared to the other “conventional”
upconverting nanothermometers based in ratiometric signals
from thermally coupled excited states, the S, of our system is
the highest reported for Tm3*-doped materials operating above
room temperature, and in the upper range when compared to
other systems doped with Er3*,'%272 and comparable to the
achieved one with some organic dyes and Ln3-doped
phosphors pumped in the UV,?® and higher than those for
temperature sensors built with quantum dots.*

The temperature resolution of luminescent thermal sensors T
can be determined from the ratio of the resolution calculated
from the standard deviation of the residuals in the interpolation
fit of experimental data (Fig. 3(a)) and the absolute sensitivity
defined in equation 4.3° The temperature resolution can also be
deduced from the sensitivity of the detection system and the
sensitivity calculated from the experimental data,3° Figure 3(a)
shows that the intensity ratio calculated for our luminescent
nanoparticles increases by more than 350% upon raising the
temperature from 300 to 473 K and by more than 2195% in the
range of temperatures from 473 — 673 K. This means an
increase of around 2% per degree in the first range and 11% per
degree in the second range. The precision of our system is 0.5%
(signal-to-noise ratio of AVANTES spectrometer is 500/1), thus,
the thermal resolution we can obtain from our nanoparticles
would be about +0.5 K in the 300 — 473 K range, and 0.1 K in
the 473 — 673 K range. This would constitute the highest
thermal resolution reported for luminescent thermometers
based on upconversion nanoparticles operating in the upper
range of temperatures.

But besides the above demonstrated high sensitivity ratiometric
temperature detection and thermal resolution of our
thermometer, it also allows for fast visualization of temperature
changes just observing the evolution of the color of the emitted
light under NIR 980 nm excitation.

To visualize the color change of the emission with temperature,
Figure 4(a) shows the evolution from room temperature up to
723 K of the color of the upconverted light under 980 excitation
arising from prepared x% Tm3+, 15% Yb3*:
GdVO,@SiO;nanoparticles (0.2 < x <5.0 at%). No deep-red light
is observed for samples with x < 1% Tm?3* in the measured
temperature range, even though the excitation power of the
laser had to be increased to 600 mW to be able to observe with
the CCD camera the emission generated by these samples,
suggesting the importance of the concentration of Tm3* to
achieve simultaneous depopulation of G, and feeding of 3F, by
efficient CR energy transfer, and further validating previous
proposed energy transfer mechanisms. For samples with x >2 %
Tm3*, although the change of color of the emission can still be
observed, the power of the excitation laser had to be
significantly increased to record the pictures of the emission,
indicating that the emission process of these particles was less
efficient than that generated by samples with 1 and 2 % Tm?3*.
From this Figure it can be clearly seen that the most visual
change of the color emission is produced by nanoparticles
doped with 1 % Tm?3*,

From the recorded upconversion spectra of the 1 % Tm3*, 15%
Yb3*: GdVO,@SiO, sample we calculated the CIE3! coordinates
as a function of temperature. The CIE chromatic diagram with
the results is shown in Figure 4(b). In fact, this CIE coordinates
calculation supposes a new visual method to estimate the
thermal resolution of the thermometer. We performed
measurements in 5 K steps within the upper temperature range
from 623 to 673 K. Results are shown in the inset of Figure 4.
From the graph is clear that CIE coordinates corresponding to
different temperature spectra appear as well resolved points
even in this narrow temperature range.

In order to demonstrate the potential practical use of the
studied Yb3*, Tm3*-GdVO,@SiO, thermochromic nanoparticles
for direct visualization of temperature, we have performed an
experiment to visualize the temperature distribution on a
platinum plate coated with these nanoparticles. Nanoparticles
were dispersed in ethanol and deposited on the platinum plate.
After evaporation of ethanol a uniform layer of nanoparticles
coating the Pt plate was formed. To generate a gradient of
temperature high enough to allow visualization of the change of
color of the emission arising from the nanoparticles, one end of
the platinum plate was placed in a cooled copper sink while the
other end was put in a small oven, as can be seen in the scheme
shown in Figure 5(a). The temperature was also monitored
during the heating process using an infrared camera FLIR E40.
The thermographic image recorded with the infrared camera in
Figure 5(b) shows the big gradient of temperature generated in
the sample with maximum at 843 K and minimum at 296 K. The
arrow indicates the temperature in the cold part and the dash
line corresponds to the visible emission from nanoparticles. A
diode laser with emission at 980 nm was used for exciting the
thermochromic nanoparticles. The laser beam was focused by a
cylindrical lens to obtain a line spot. A CCD camera was
mounted perpendicular to the platinum plate to record top
view pictures of visible changes in the color of the emission
during the heating process. Figure 5(c) shows four images
recorded on the platinum plate at approximately 3 min
intervals. The first image was recorded at room temperature
just before the heating process. At room temperature the blue
emission generated from the G, energy level to the ground
state of Tm3* can be seen, that is the dominant emission at this
temperature (see Figure 2(b)). Just after the platinum plate
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become hot enough (3 min from the beginning of the
experiment) other pictures have been taken, showing the
visible changes in the color of the emission, tuning from the red
in the hot part to the blue in the cool part of the platinum plate.
In the figure it can also be seen how the distribution of
temperatures evolves with time.

Filevich et al. used the decrease of intensity of red fluorescence
of the [Ru(bpy)s]?* complex, after excitation in the blue, to
observe the temperature gradient of a 10 mM solution of
[Ru(bpy)s]Cl, confined between two cover glasses immersed in
distilled water while being heated by a thermostated cell

culture chamber.32 The luminescent thermometer was able to >
work between 293 K and 333 K. Under these conditions, they 295 323 373 423 473 523 573 673 72;
were able to map temperature gradients ~1K, with a thermal

resolution of 0.05 K. However, the solutions had to be degassed Temperature (K)
to reach such high resolution. The authors used the same
procedure to map the temperature gradient generated in a FIA
reactor. Also, a dipyren-1-yl (2,4,6-triisopropyl(phenyl)borane
molecule was designed and synthesized to develop a visual
thermometer operating in the range 223-373 K with a color
change from green to blue with an accuracy better than 1 K,
and was used to visualize the temperature gradient in a fluid
contained in a quartz tube heated from the top and cooled
from the bottom.33 However, the broad emission band of this
compound made difficult to accurately identify its maximum of
intensity. Thus, the authors transformed the spectra to CIE
coordinates, which reduced the accuracy to 2 K. Zhou et al. also
visualized a temperature gradient in an aqueous solution of
per-6-thio-a-cyclodextrin and per-7-thio-p-cyclodextrin
decorated CdTe quantum dots (QDs), exhibiting a color change
from yellow to salmon pink.3* However, this luminescent
thermometer could not be used above 333 K because QDs tend
to grow spontaneously generating a red shift of the
luminescence  properties.  Furthermore, long thermal
equilibration times (10-20 min) are required which limits the
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temporal response of this thermometer. When compared to (C) 0,301 «
these previous approaches, the main advantages of our ©
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Fig. 4 (a) Color evolution images of the upconverted light using x% Tm?*,
15% Yb*":GdVO.@5Si0; (0.2 < x <5.0 mol%) nanoparticles from room
temperature up to 723 K. The NIR diode laser excitation was at 980 nm,
the power of the laser was 600 mW for samples containing 0.2 and 0.5 %
Tm>* and 200 mW for the rest of the samples, and the images were
captured with a CCD camera; (b) Fine-tuning of the temperature light color
evolution from upconversion spectra of 1% Tm?*, 15% Yb**:GdVO.@SiO,
nanoparticles plotted on a CIE chromatic diagram. (c) Thermal resolution
achieved for measurements taken in 5 K steps in the high temperature
range (623-673 K) circled in (b).

In order to demonstrate the sensing capability and spatial
resolution of Tm,YbGdVO,@SiO, core-shell nanoparticles, an
experiment for evaluating the Joule heating effect in a Pt wire
50 pum in diameter was carried out. The luminescent
nanoparticles (1 % wt.) were dispersed in ethanol and
deposited on the top of the Pt wire by spreading some drops of
this dispersion. Then, the Pt wire was attached to a piece of
glass and introduced on a muffle in order to accelerate the
evaporation of ethanol and fix the Tm,Yb:GdVO,@SiO;
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nanoparticles on the wire. Finally, the platinum wire decorated
with Tm,Yb:GdVO,@SiO, nanoparticles was detached from the
glass to reduce heat dissipation and was solded between two
electric contacts connected to the DC power supply with the
maximum input of 30 V. Thermal reading was performed using
an optical microscope setup (see Figure 6(a)), through which a
fiber coupled diode laser with emission at 980 nm was focused
on the Pt wire by using a 40X microscope objective and 0.6
numerical aperture, that produced a laser spot of ~10 um. The
luminescent signal arising from the Tm,Yb:GdVO,@SiO,
nanoparticles was collected through the same objective, and
after passing a dichroic filter to eliminate the residual excitation
wavelength reflected by the sample, was sent to a CCD Thorlabs
camera to visualize the change of the color of the emission
generated and to a AVANTES AVS-USB2000 fiberoptic
spectrometer (fiber diameter = 200 um) to record the spectra
and determine the temperature.

(a) Diode laser 980 nm

(b)

Fig. 5 (a) Scheme of the set up forreal-time experiment of temperature
distribution visualization; (b) Thermal image corresponding to the Pt plate
showing the big gradient of temperature generated; (c) Images of the
generated by the layer of 1% Tm, 15%
Yb:GdVO.@SiO2nanoparticles coating the Pt plate during the heating

emission
process.

Figure 6(b) shows the room temperature blue luminescence
generated by the Tm,Yb:GdVO,@SiO, nanoparticles. After
applying a current of 0.66 A to the Pt wire, the color of the
emission changed to red, due to the high temperature (653 K)
induced in the wire (see Fig. 6(c)). The nanoparticles,
aggregated due to the evaporation of the ethanol and with
sizes 10-20 um, can be clearly seen in the images. This would
limit the spatial resolution that we can achieve. This spatial
resolution, however, could be improved by avoiding
aggregation of nanoparticles.

The intensity ratio between the 700 nm and 475 nm emission
lines was determined for different values of the electrical
current applied to the Pt wire, as can be seen in Figure 6(d).
Figure 6(e) shows the temperature of the Pt wire as a function
of the intensity flowing through the wire. The experimental
temperature corresponding to each intensity was obtained
from the calibration shown in Figure 3(a). These experimental
data are compared with the temperature values computed

using a heat transfer model that takes into account the
convective and radiative flow under Joule heating:

hS(TPt - amh) + SU(Tl;‘[ - T:mb) =I’R (6)

where h and ¢ are the convective heat transfer coefficient and the
emissivity of the Pt wire, S is its lateral area, Tp; and T,y are the wire
and ambient temperature, respectively, o is the Stefan-Boltzmann
constant and | and R are the intensity and the resistance of the Pt
wire, respectively. The resistance was computed considering the
dilatation and the thermal dependence of the resistivity. The
emissivity of Pt was assumed to be 0.1. The convective heat transfer
coefficient that better matches the experimental result was found to
be h = 700 Wm-2K%, This high value of h can be explained due to the
strong convective flow that develops in the hot surrounding of the
wire. The calculations are little sensitive to changes in the emissivity
of the wire, because the radiative term represents only around 2% of
the total heat flow. The dominant role of the convective term is
consistent with the quasi-parabolic behavior of the intensity-
temperature graph shown in Figure 6(d). As can be seen in Figure
6(e), the theoretical calculations describing the evolution of the
temperature of the wire as a function of the intensity flowing on it
perfectly matches with the experimental thermal characterization of
the wire using our luminescent nanoparticles.

Thermal maps of metallic wires and electronic components have
previously reported in the literature. Rhodamine B films deposited
on micro- and nanowires (1-4 pm width, 40-80 um length, 40 nm
thickness) were used to map temperature distribution in the wires
when heated resistively, achieving a temperature resolution
between 5-10 K with submicrometer spatial resolution.3> Er,Yb:PbF,
nanoparticles, 250 nm in diameter, glued at the end of a sharp
atomic force microscope tip were used to determine the
temperature of electrically heated micro- and nanowires through the
changes of the intensity ratio between the emissions arising from the
2H11/,—%15/2 and the 4S3,,—%15/, transitions of Er3*, with a resolution
smaller than 500 nm and a temperature sensitivity ~1% K1,2936
However, the scanning speed was very low, which impeded to
observe transient phenomena in the wires. Benayas et al. used the
thermal sensing capability of luminescent Nd:YAG nanoparticles
pumped at 808 nm and with emission at around 940 nm to evaluate
the Joule-heating in a 100 pm width copper wire, inducing a
temperature increment of 43 K following the expected parabolic
dependence.?” Polyacetylene (PDA) vesicles embedded in polyvinyl
alcohol (PVA) films were used to monitor temperature gradients in a
resistance random access memory (RRAM) device structure and to
uncover submicrometer size filamentary defects.?® However, this
thermometer operated only from 313 to 363 K because of the
saturation of the fluorescence signal, and the results depended
highly on the thickness of the film, with fluctuations exceeding 5 %.
Brites et al. used a di-ureasil thin-film co-doped with Eu3* and Th3*
tris(B-diketonate) chelates, excited in the UV, to obtain the
temperature map of a FR4 printed wiring board, estimating an
spatial and temporal resolutions of 420 nm and 4.8 ms, respectively,
and a thermal resolution of 0.15 K.3° The operation range of this
thermometer was limited to 297-328 K. Thus, compared to the
previous examples shown, our luminescent thermometer is able to
work in a larger range of temperatures, and the change of
temperature of the wire could be followed visually, while in the rest
of examples instrumentation is required to observe changes in
temperature. This makes of our luminescent nanothermometer a
valuable potential tool for the visual detection of thermal anomalies
in electronic components.
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during the cooling process of the wire recorded at a frequency of 60
(a) spectra per second. (b) Detail of two spectra taken consecutively just after
and just before switching on of the electrical current through the Pt wire
showing the changes experimented in the spectra. (c) Temporal evolution
of the intensity ratio of emissions at 700 and 475 nm of the
Tm,Yb:GdVO,@SiO, UCNPs just before and just after switching
on the electrical current through the Pt wire, showing in which
timeframe the heating is produced and how the temperature

evolved after.

Fluorescence

Another important parameter for a thermometer is the
response time. Contact thermometers usually show a response
time too slow to follow the rapid changes occurring in many
technological applications. However, in the case of luminescent
thermometry this process is much faster, of the order of
milliseconds*® and in fact, the change of color of the emitted
light by Tm,Yb:GdVO,@SiO, UCNPs present on the Pt wire
Platinum wire | yminescent Nps J| Platinumwire | yminescent NPs surface was perceived immediately by the naked eye. This last
experiment of monitoring the Joule heating effect on a Pt wire
also provides a tool to evaluate the response time of our
temperature sensor. We used the fiberoptic
spectrophotometer to capture the temporal evolution of the

- emission spectra when we pass an electrical current through

* " %’:Z:Z:izfal _,' the Pt wire. We chose an integration time of 16 ms which

. L . represents a compromise between a reasonable high cadence

2w . % - . & (60 spectra per second) and an integration time long enough to

; ] g " maintain the quality of the spectra. In order to visualize the

g2 - . E o results, we used a screen cam recorder software to record a

E enaan " o] ass®” video file showing the changes produced in the intensity of the

goenmeosoe 00 en ez o304 0506 luminescent spectra, since this process is much faster than

Current (A) Current (A) R . R

recording the spectral data by the software of the fiberoptic

Fig. 6 (a) Scheme of the set-up used for the experiment; (b) Images of the spectrophotometer. In the experiment, we started to record

room temperature blue luminescence of the Tm,Yb:GdVO.@SiO> core- the video while the Pt wire was at room temperature, and at a

shell nanoparticles deposited on the surface of the Pt wire; (c) Image of particular moment, we allowed the electrical current to pass

the high temperature deep-red luminescence of the nanoparticles on the through the Pt wire, heating it by the Joule effect, and

surface of the wire after applying a current of 0.66 A; (d) Intensity ratio of recording time evolution of the emission spectra of the
emissions at 700 and 475 nm of the Tm,Yb:GdVO4@Si0, nanoparticles as a Tm,Yb:GdVO,@SiO, UCNPs present on the Pt wire surface.

function of the applied current to the Pt wire; (e) Temperature Figure 7(a) shows a sequence of the video frames recorded just

determined from the analysis of the intensity ratio of emissions shown in before and just after the electrical current passed through the

panel (d) using the calibration shown in Figure 3(a) as a function of the Pt wire. We selected the last frame recorded before switching

applied current, and temperature determined theoretically from the a the electrical current and the first frame recorded after this

simple heat transfer model taking into account convective and radiative event to show the changes in temperature produced in the wire

flow under Joule heating of the Pt wire. (see Figure 7(b)). As can be seen in this figure, the heating

process of the Pt wire happened in a time shorter than our
integration time (16 ms), and while the current is passing
through the wire, its temperature is stable. To visualize better
this sudden change of temperature and the later maintenance,
we included in Figure 7(c) a representation of the evolution of
the R parameter calculated according to Eq. (1). It can be clearly
seen that the change of temperature happened in the
timeframe of 16 ms and that after this event, it was maintained
constant for at least 0.5 s. In fact, taking into account the
diameter of the wire we estimate that this change of
temperature would be of the order of 150-200 ps. The response
time we found in this study is one order of magnitude higher

=

1 than the one previously reported by C. D. S. Brites for Eu3*,
o ol Tb3*codoped metallic-organic frameworks,*® and apparently it
= can be improved if a detector with a faster response is used.

g
= 6
o Elecirical current -~
§ switched off
= D. Conclusions
(72}
c o
«“E’ In summary, we demonstrated that Tm,Yb:GdVO,@SiO, core-shell
. S — nanoparticles can be used as visual thermochromic thermometers in
) 02 o4 ) os o

the 300-673 K temperature range, with high spatial resolution, but
more importantly, with a high thermal sensitivity (1.54% K1), the
highest reported up to now for Tm3*-doped UCNPs, a high thermal

Time (sec)
Fig. 7 (a) Temporal evolution of the emission spectra of the
Tm,Yb:GdVO4@SiO, nanoparticles deposited on the Pt wire collected
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resolution (0.1 K), the highest reported up to now for upconverting
luminescent thermometers, and a high temporal resolution (16 ms),
the highest reported up to now for any luminescent thermometer.
We showed the potentiality of our sensor by monitoring the heating
process of a Pt wire with a small diameter (50 um) decorated with
our nanoparticles, generated by the Joule effect when circulating an
electrical current through it. The results obtained matched well with
the theoretical calculations we performed using a heat transfer
model that takes into account the convective and radiative flow
under Joule heating. Although additional work is need to avoid the
aggregation of the nanoparticles, the results obtained indicate that
these nanoparticles might be used to detect hot spots in
microelectronic chips.
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Abstract

We developed a compact, low-cost and non-invasive temperature sensor based on a
ratiometric luminescence technique. The setup included a digital color sensor, which collects
simultaneously signals in the blue, green and red regions of the electromagnetic spectrum,
coupled to an optical system that focuses an excitation laser beam onto luminescent
nanoparticles emitting at least in two of these electromagnetic regions. The same optical system
collects the emission arising from the luminescent nanoparticles and directs it towards the
digital color sensor through a dichroic mirror. We probed the potentiality of this setup for
luminescence thermometry in the biological range of temperatures using Er,Yb:NaYF4, and up
to 673 K for microelectronic applications usingTm,Yb:GdVO.up-converting nanoparticles. The
thermal sensitivity obtained in both cases is similar to that previously reported for the same
kinds of nanoparticles using conventional systems. This validates our setup for temperature
measurements. Also, we developed luminescent nanoparticlessPDMS composites that allow
fabricating thermometric microfluidic chips in which temperature can be determined using our
setup. The thermal sensitivity for these composites is slightly smaller than that of the bare

nanoparticles, bur still allowing for precise and fast temperature measurements.

1. Introduction

There are many areas of industry, where temperature measurements are essential, such as
metallurgical industries, glass manufacturing, material modeling or dairy products, among
others. There are other fields like biomedical sciences, where temperature provides basic
diagnostic criteria [1, 2] and its control is essential during hyperthermia treatments [3, 4], for

instance. Despite modern temperature measurement instruments at the nanoscale are in general
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complex in nature and at the same time fascinating in operation [5], there are situations -because
of hostile environments, presence of vibrations, electrical noise, strong electromagnetic fields,
or other factors- where temperature measurements are difficult or even impossible with this kind
of instruments. To overcome these difficulties and achieve temperature sensing in hardly
accessible locations, optical non-contact thermometry methods have been developed since they
provide electromagnetic immunity and possibilities for remote measurements [6, 7]. Most of the
optical non-contact temperature sensors are based on reflection, absorption, scattering,
fluorescence or interference phenomena of light [8, 9]. Among these optical non-contact
thermometry methods, fluorescence thermometry is among the most versatile methods. It is
based on fluorescence intensity, band-shift or lifetime changes produced by temperature [10].
Among these three techniques, it is difficult to select the optimal one, as each of them shows
special features of interest. The lifetime-based technique allows performing measurements in
objects in movement and at high temperature, for instance, avoiding the blackbody radiation
effect [10, 11]. However, the signal used in this technique is not always reliable, due to
fluctuations in the power of the excitation source, imperfections in the optical setup or changes
in the sensitivity of the detector. Moreover, changes in the luminescent material concentration or
the environmental parameters can also affect to the quality of the fluorescence signal. From
another side, the band-shift technique can be very sensitive to temperature changes, but it can be
only applied to a relatively narrow range of temperatures. Furthermore, since this technique has
mainly used quantum dots and luminescent nanoparticles, it suffers from their signal bleaching.
By using ratiometric measurements these problems can be avoided [6, 7]. Ratiometric
measurements are based on systems with different luminescence emission bands whose relative
intensities strongly depend on temperature. This thermal dependency is caused by a thermally
induced electronic population re-distribution among the corresponding emitting energy levels of
the optical center. An additional advantage is that the relative intensity of the luminescence
bands depends only on temperature but not on the local concentration of the emitting center.
Also, effects derived from fluctuations in the excitation source are avoided since the different
luminescence lines will be affected in an equal manner.

In these techniques, the choice of a particular luminescent material determines the
temperature range, thermal sensitivity and stability of the nanothermometer. The most used
materials for luminescent nanothermometry are quantum dots [12-14], organic dyes [15-17] and
lanthanide-doped materials [18-21].Although, organic dyes and quantum dots show a high
thermal sensitivity, their main disadvantage is that they need to be excited using ultraviolet

(UV) or visible light. This may lead to the degradation of the fluorescent material. Furthermore,
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when used in biological applications, the excitation with UV or visible light might induce the
appearance of background fluorescence, and even the damage of biological tissues. From
another side, the use of lanthanide-doped up-converting nanoparticles (Ln-UCNPs), which
absorb photons sequentially in the near-infrared (NIR) and emit radiation in the visible, has
several advantages, such as the negligible photodamage to living organisms, a weak
autofluorescence background, and a deeper penetration in biological tissues for biomedical
thermometry purposes. Moreover, NIR excitation can be achieved with high power, and low
cost laser sources. Finally, it is also important to note that Ln-UCNPs are more optically stable
and have lower toxicity than quantum dots, for instance.

However, the setups used up to now to determine changes in luminescence intensity with
temperature in these ratiometric techniques require bulky and relatively costly equipment, such
as monochromators, luminescence detectors (photomultiplier tubes, CCD cameras, etc.), lock-in
amplifiers, oscilloscopes, sophisticated aligning mechanical systems, etc. The size of these
devices also limits the practical applications of these thermometric techniques and their transfer
to real industrial or medical environments, where the measurement conditions change
continuously. Furthermore, recording an emission spectrum with these devices requires some
seconds, or even minutes, a timeframe during which the temperature of the sample might
change, which represents an additional disadvantage of this technology.

Here, we report a low-cost, compact, fast signal processing, and non-invasive temperature
sensor using a ratiometric fluorescence thermometry technique. Our setup uses a digital color
sensor coupled to an optical system that allows simultaneously the excitation of the Ln-UCNPs
and the collection of their emission. The emission from the Ln-UCNPs is separated from the
excitation radiation, and diverted towards the detector. The detector is build in a mosaic
structure, and containing different filters that allows it detecting simultaneously signals in the
red, green and blue channels. With a microprocessor we calculated the fluorescence intensity
ratio corresponding to the signals of two of these channels, and after comparing it to a
previously determined calibration curve, temperature is visualized in a LCD display [22]. We
used different Ln-UCNPs to demonstrate the potentiality of this thermometer to operate in
different temperature ranges. We also reported the fabrication of transparent
polydimethylsiloxane (PDMS)/luminescent Ln-UCNPs composites, from which microfluidic
microchips can be fabricated since PDMS is one of most used polymers for this purpose [23,24].
These composites would allow to determine temperature directly in the internal walls of the

microchips.
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2.  Experimental section

2.1 Temperature measurements setup

The setup we propose for temperature measurements comprises a diode laser that can be
adapted to emitting at a wavelength that can be absorbed by the Ln-UCNPs, a focusing system
(a microscope objective in the particular applications we are showing here, but that can be
substituted easily by an optical lens) to focus the laser beam onto the sample and, that at the
same time, collects the light emitted by the nanoparticles, a mirror that deviates the visible light
generated by the nanoparticles towards the digital color sensor and at the same time filters the
excitation radiation, and a S9706 Hamamatsu digital color sensor. A schematic representation of
this setup is shown in Figure 1(a).The S9706 Hamamatsu digital color sensor consists on 9x9
arrayed photodiode elements arranged in a mosaic pattern integrated on a chip (see Figure 1(b))
with a photosensitive area of 1.2 x 1.2 mm. Each element has an on-chip filter that is sensitive
to a particular range of wavelengths corresponding to different colors: red (590-720 nm), green
(480-600 nm) and blue (400-540 nm), as shown in Figure 1(c). This sensor allows the RGB
components of the incident light to be simultaneously measured with high accuracy. This digital
color sensor is connected to a microchip that converts and amplifies the light signals into 12-bit
digital signals, with independent reading for the blue, green and red channels, which allows us
to analyze the intensity ratios between these signals, and to compare these data with a previous
calibration curve to determine the temperature of a particular measurement. The integration time
of this kind of sensor depends on the illuminance conditions, ranging from 100 s for low
illuminance conditions to 10 us for high illuminance conditions [25].

To establish the calibration curve, the Ln-UCNPs were introduced in aLinkam THMS
600heating stage, taking measurements every 5 °C when we analyzed the biological range of
temperatures (25-60 °C) and every 50 °C for higher temperature applications. An Apollo
Instruments Inc. diode laser with emission at 980 nm and 100 mW was used as the excitation
source. The laser beam was focused on the sample using a 40X microscope objective and a N.A.
of 0.6, producing a laser spot~10 pm on the sample. The emission was collected by the same
microscope objective, and after passing a dichroic filter for elimination of the excitation

wavelength, was sent to the Hamamatsu S9706 sensor.

142



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION

Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: I. New detection techniques
(a) Laser4—» - (b)
=
[+3
»
(o]
> )
L3
ﬁltﬂ--———; . ss
‘Qs“'— Sensor .
(€ o
z 1 [\ Red
Objective — A &
Luminescent £ |

0.4 - |
5 nanoparticles 02— T
Target %00 400 * 500 600 700 800

Wavelength (nm)

Figure 1. (a) Scheme of the temperature sensor we propose to use. (b) Structure of the Hamamatsu S9706 digital color

sensor. (c) Relative sensitivity curve of the on-chip filters of the digital color sensor.
2.2 Ln-UCNPs synthesis and characterization

To demonstrate the operation of the sensor, we used different kinds of nanoparticles, with
the only requirement that they emit light in two of the different ranges of the visible spectrum
that can be detected by the Hamamatsu S9706 digital color sensor. An additional requirement
we introduced was that the particles could be excited in the NIR, so we used Ln-UCNPs, given
their previously indicated advantages as well as the possibility of providing simultaneous
imaging and temperature sensing at nanoscale [21].We selected different Ln-UCNPs to show
the potentiality of our setup to be used in different temperature ranges.

Hexagonal B-Er,Yb:NaYF. nanoparticles, that have been extensively used to determine the
temperature byoptical methods in the biological range of temperatures [26], were provided by
Boston Applied Technologies, Inc. From another side, we also used hydrothermally
preparedTm,Yb:GdVO.@SiO, core-shell nanoparticles [27], which allow temperature
determination up to 673 K with high sensitivity [28], and that can be used in microelectronics,
for instance, to detect hot spots in microcircuits.

We recorded the emission spectra generated by theLn-UCNPs by focusing the 980 nm

diode laser beam through a 40X magnification microscope objective onto the sample, collecting

143



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: 1. New detection techniques

the emission arising from the sample by the same objective, and sending the signal to an
AVANTES AVS-USB 2000 fiberoptic spectrometer that recorded it.

2.3 Preparation and characterization ofLn-UCNPs embedded PDMS composites

To prepare Er,Yb:NaYF+/PDMS composites, the silicon elastomer was firstly mixed with
the curing agent, followed by ultrasonication at room temperature for 10 min. Then, different
quantities ofEr,Yb:NaYF. nanoparticles were added to the above mixture under mechanical
stirring for 30 min at room temperature. In order to remove the bubbles formed after the
mechanical stirring, the composite was placed in a desiccator for 1 h. Finally, the
Er,Yb:NaYF4/PDMS composite was placed in an oven at 353 K during 40 min for
polymerization.

The emission spectra of these composites were collected as described in the previous
section. Images of these luminescent composites were recorded with a charge coupled device
(CCD) Thorlabs camera to determine the distribution of Ln-UCNPs in the silicone.

3. Results and discussion

3.1 Luminescent thermometry with Ln-UCNPs

The potentiality of our setup was demonstrated by using two different kinds of Ln-UCNPs,
Er®*-doped B-NaYFsand Tm®*-doped GdVOys, both of them sensitized with Yb3*, which provide
emission lines that overlap with the sensitivity curves of the on-chip filters of the digital color
sensor in two different ways. Both kind of nanoparticles where excited at 980 nm, coinciding
with the absorption band associated to the 2F7,—2Fs;; transition of Yb®*, that transfers its
energy in a very efficient way to Er® and Tm3* [29]. Yb3* was used as the sensitizer since its
absorption cross-section at 980 nm is higher than that of Er** or Tm3* at the same wavelength,
allowing for a more brilliant emission from these ions [29]. Figure 2 shows the emission spectra
of Er,Yb:NaYF4 and Tm,Yb:GdVO4 UCNPs after excitation at 980 nm, and the overlap with the
detection ranges of the digital color sensor. In the case of Er,Yb:NaYFs nanoparticles the
emission bands are located in the green and red regions of the electromagnetic spectrum,
corresponding to the 2Hiip, *Ssz —*lisz and *Fez—>*l1s2 transitions of Er®*. In the case of
Tm,Yb:GdVO,UCNPs the emission bands are located in the blue and red, corresponding to
thelG, —%Hs and 3Fs—3%Hs transitions of TmS3* that provide another example to calibrate the

temperature by changes in the luminescence intensities.
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Figure 2. Overlap of the emission spectrum of Er,Yb:NaYF, and Tm,Yb:GdVO,UCNPs with the detection ranges of the
digital color sensor. Adapted from Digital Color Sensor S9706 datasheet, Hamamatsu.
Despite we cannot consider that the electronic levels from which the green and red emissions in
the case of Er,Yb:NaYF4sUCNPs, or the blue and red emissions in the case of Tm,Yb:GdVO,
UCNPs are thermally coupled, since the electronic energy levels from which they arise lie too
far apart, we observed that the intensity of these emission lines follows different tendencies as
the temperature increased, as can be seen in Figures 3(a) and (b).As can be seen, in the case of
Er,Yb:NaYF4 nanoparticles (Figure 3(a)), the intensity of the green band decreases slightly
when the temperature increases, while the intensity of the red band increases slightly. The same
trend can be observed even magnified Tm,Yb:GdVVO. nanoparticles: the intensity of the blue
emission drops substantially when the temperature increases, while the intensity of the red band
increases substantially. Thus, although we cannot consider that these systems are in thermal
equilibrium governed by a Boltzmann distribution, we can observe how the intensity ratio
between these two groups of lines evolves with temperature, since at the end, the two electronic
levels from which each group of emissions are generated, are electronically linked. In fact, the
evolution of the intensity ratio calculated from the values obtained for the integration of the

green and red, and blue and red channels, respectively, of the digital color sensor with
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temperature for the two kinds of nanoparticles is also presented in Figure 3, in the biological
range of temperatures for Er,Yb:NaYFs UCNPs (see Figure 3 (c)), and in the range from room
temperature to 673 K for Tm,Yb:GdVO4 UCNPs (see Figure 3 (d)). It can be seen that the
intensity ratio integrated from the two different channels in the case of Er,Yb:NaYF,
nanoparticles follows almost a linear dependence, while in the case ofTm,Yb:GdVO,
nanoparticles it follows an exponential dependence. The dispersion in the intensity ratios
determined from the measurements performed with the digital color sensor is small and does not
interfere in the determination of temperature, as can be seen in the figure. The fitting of the

experimental points was done using an exponential equation of the form:
RGB data ratio = A + B - exp(CT) (1)

with the following parameters: A = 0.16, B = 0.16 and C = 0.0056 for Er,Yb:NaYF4 UCNPs,
and A’ =0.23,B’=0.38 and C’ = 0.0024 for Tm,Yb:GdVO,4 UCNPs.

(a) Er,Yb:NaYF, (b) Tm,Yb:GdVO,
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Figure3. Evolution of the emission spectra with temperature for the (a) Er,Yb:NaYF, and (b) Tm,Yb:GdVO,
nanoparticles. Evolution of the ratio between the signals of the blue, green and red channels recorded by the sensor with

temperature for the(C) Er,Yb:NaYF,and (d) Tm,Yh:GdVO, nanoparticles. Relative thermal sensitivity for (e)
Er,Yb:NaYF, and (f) Tm,Yb:GdVO, nanoparticles. Thermal resolution for the (g) Er,Yb:NaYF, and (h) Tm,Yb:GdVO,
nanoparticles.

In order to compare the capacity for temperature determination of our sensor with that of other
systems reported in the literature, we calculated the relative thermal sensitivity through the

following equation [6]:

1 ORGB data ratio (2)
RGB data ratio aT

Sret (T) =

The maximum relative thermal sensitivity for Er,Yb:NaYF4 and Tm,Yb:GdVO4 UCNPSs was
found to be 0.5 and 0.2% K<, respectively. The sensitivity value reported here for
Tm,Yb:GdVO. nanoparticles, although smaller than that reported previously using a
conventional system (1.54 % K1) [28], is similar to the one reported for other up-converting
nanoparticles used for luminescence thermometry [30-32]. In the case of Er,Yb:NaYF,
nanoparticles the relative thermal sensitivity reported in the literature varies from 0.21 to 1.24 %
K [20,33]. Thus, the relative thermal sensitivity value we obtained lies in this range of
sensitivities, indicating that we can use our system, avoiding using expensive and bulky

equipment. From equation (2), the thermal resolution (0T) can be estimated as:

aT =L' ORGB (3)
RGB  Srei(T)
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where dRGB is the standard deviation of the residuals in the fitting of the experimental points.
Figures 3 (e) and (f) show the thermal resolutions of both kinds of nanoparticles as a function of
temperature. The better thermal resolution was obtained at high temperature in both cases.
Er,Yb:NaYF4 nanoparticles show a thermal resolution of around 1.25K. Since the thermal
resolution has not been reported for these nanoparticles using a conventional system, we cannot
extract any conclusion about the influence of our system in this parameter. In the case of
Tm,Yb:GdVO, nanoparticles, despite showing a higher thermal resolution, between 4 - 11 K, it

is still valid to detect hot spots in microelectronic applications, for instance.

3.2 Luminescent thermometry in polymer composites for microfluidics applications

Microfluidics systems offer several advantages in many aspects of analytical chemistry and
biochemistry, including efficiency, speed, portability, and reduced amount of reagent
consumption [34]. However, the accurate and precise temperature control inside a microfluidic
system is crucial, and has been demonstrated in a variety of applications [35-37]. When
thermometry contact methods have been used for this purpose, problems associated to the size
probe that these devices present [38]. Alternatively, non-contact methods for temperature
determination in microfluidics have been reported, including thermo-reflectance methods [39],
Raman spectroscopy [40], nuclear magnetic resonance [41], or luminescent thermometry by
mixing organic dyes with the fluid circuiting in the microchip [42]. However, both Raman
spectroscopy and nuclear magnetic resonance are based on the measurements of properties of
water molecules, so they can only be used for aqueous solutions. In the case of thermo-
reflectance methods, despite they offer a high thermal and spatial resolution, the use of
expensive and complicated equipment is needed. Finally, in the cases where luminescence
thermometry has been used, the organic dyes included are usually toxic, furthermore, they
should be soluble or miscible with the fluid circulating through the microchip, which also limit
their range of applications in microfluidics. Additionally, if the fluorescent dye is mixed with
the fluid, it gives only information about the fluid and not about the platform on which the
microfluidics chip is fabricated. Thus, there is a need to develop a cheap and accurate
temperature determination technique in microfluidic systems that can be integrated in the same
microfluidic chip.

PDMS is one of the most common silicon-based polymers used in microfluidics, exhibiting
a high flexibility, a high optical transparency, a low surface tension, a high hydrophobicity, high
thermal and chemical resistances, and biocompatibility [43-45].Because of its excellent

properties this material has been used in a wide range of applications including the fabrication
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of microfluidic devices by soft-lithography systems [23], among others, and becoming one of
the most popular polymers for lab-on-a-chip devices [24]. By generating organic / inorganic
composites with this polymer, its properties have been complemented with additional ones
introduced by the inorganic compounds. For instance, Fang and co-workers embedded Au
nanocrystals in PDMS to generate plasmonic heating in a single device for microfluidic
applications [46].The mixing of magnetic nanoparticles with PDMS allowed producing
magnetic and conductive composites for biological sensing purposes [47]. Also, by mixing
luminescence nanoparticles with PDMS an enhanced luminescence has been reported [48].

Inspired by these works, we prepared Er,Yb:NaYF4/PDMS composites as a new material
that allows the fabrication of microfluidic chips for biological applications and at the same time
allows temperature determination, namely thermal sensing on the surface and the internal part of
a microfluidic chip based on our composite, through a non-contact and non-invasive method.
Furthermore, by combining it with the experimental setup we designed, it might allow for the
temperature determination in a compact device, perfect for the miniaturization of the whole
system, and avoiding the use of bulk equipment for the same purpose.

Figure 4(a) depicts photographs of the Er,Yb:NaYF+/PDMS composites containing
different concentrations of luminescent nanoparticles. In the images, the optical transparency of
these composites can be observed. Up to a nanoparticles concentration of 2 g/l could be
embedded in the PDMS while keeping its transparency. Above this concentration the
transparency decreased considerably (see for instance the image corresponding to the composite
containing a nanoparticles concentration of 5 g/l). To verify that the nanoparticles were
embedded uniformly in the polymer, we collected up-conversion emission maps of the
composites (see Figure 4(b)), coupling the excitation and focusing parts of our setup to a CCD
camera that substituted the digital color sensor. The images presented here are a composition of
multiple images collected with this setup to show an enlarged area of the composites. As can be
seen in these images, for concentrations above 2 g/l, the background luminescence of the
composite dominates over the luminescence arising from the discrete nanoparticles, due to the
high quantity of Ln-UCNPs that are excited at the same time by the diode laser, even if they are
out of focus. This would affect the thermal measurement parameters of a device based on this
material. Thus, composites containing a lower nanoparticles concentration will be used for
further characterizations. An image of the luminescence that can be obtained in a
Er,Yb:NaYF4+/PDMS composite with a concentration of 0.5 g/l is shown in Figure 4(c). In the
image it can be appreciated the high transparency of the Er,Yb:NaYF./PDMS composite and the

bright green luminescence that can be achieved after pumping at 980 nm with a power of 100
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mW. In the inset, the luminescence map corresponding to a cross-section of this composite is
shown, indicating a similar dispersion degree of the UCNPs in the polymer than that observed in
the top-view images. This would ensure accuracy enough for the determination of temperature

by luminescence measurements using a microchip based on this composite.

0,5g/l 50pm

Figure 4. (a) Images of the Er,Yb:NaYF,/PDMS composites containing different concentration of nanoparticles; (b) Up-
conversion emission maps of selected composites; (c) Cross-section image of the 0,5 g/IEr,Yb:NaYF,/PDMS composite
showing the bright green emission that can be generated by the Er,Yh:NaYF, nanoparticles embedded in the polymer
after pumping at 980 nm with a power of 100mW. The inset shows the corresponding luminescence map, indicating the
homogeneity of the distribution of the nanoparticles.

To demonstrate the potential of these composites as luminescent thermometers we
introduced a piece of them in a Linkam THMS 600 heating stage, to stabilize their temperature,
and recorded their emission signals using the digital color sensor, from which we determined the
RGB data ratio. Figure 5 (a) shows the temperature dependence of the intensity ratio
corresponding to the signals recorded in the red and green channels of the digital color sensor
for the Er,Yb:NaYFs/PDMS composites with different concentrations of nanoparticles in the
biological range of temperatures. The graph shows that for the samples containing a higher
concentration of Ln-UCNPs the slope of these curves is smaller or even negative when the
temperature increased, an effect that can be attributed to the background fluorescence arising
from the nanoparticles which are out of focus, but that are still excited by the laser. The sample
containing a particles concentration of 0.5 g/l shows an almost linear evolution of the red/green
ratio. From its side, the sample containing 0.1 g/l of Ln-UCNPs shows an exponential increase
of the red/green ratio as the temperature increased, following a tendency similar to that of the

bare nanoparticles. Thus, this sample would be the most appropriate to develop a microfluidic
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device in which we can monitor the temperature evolution in the whole chip, since it would
provide the highest thermal sensitivity and thermal resolution. When we compare the relative
thermal sensitivity of the 0.1 g/l Er,Yb:NaYFs/PDMS composite with that of the bare
nanoparticles, we observe that it is a little lower, maybe related to the interaction of light with
the PDMS media [48], or the change of refractive index contrast between the two materials, but
it is still similar to that reported in some publications for bare Er,Yb:NaYF4 nanoparticles [20],

indicating that we still can use this composite to determine the temperature by luminescence

means.
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Figure 5. (a) RGB data ratio corresponding to different Er,Yb:NaYF,/PDMS composites, containing different
concentrations of Ln-UCNPs, as a function of temperature in the biological range. (b) Comparison of the relative
thermal sensitivity of the 0.1 g/l Er,Yb:NaYF,/PDMS composite and that of the bare Er,Yb:NaYF, nanoparticles.

4. Conclusions
We developed a novel non-contact and non-invasive luminescence thermometer by using a

digital color sensor that allows collecting signals simultaneously in the blue, green and red
channels of the electromagnetic spectrum, coupled to an excitation and an optical focusing
system, together with luminescent up-conversion nanoparticles with emission in at least two of
the detection channels of the digital color sensor. We demonstrated the potentiality of this setup
for temperature sensing, by using Er,Yb:NaYF. nanoparticles emitting in the green and the red,
with interest to explore temperatures in the biological range, and Tm,Yb:GdVO, nanoparticles
emitting in the blue and the red, able to work up to 673 K, and thus, with interest in the
microelectronic area to detect hot spots in microchips, for instance. The relative thermal
sensitivity achieved with our setup is similar to that reported for the same kind of nanoparticles
using conventional configurations in the fluorescence intensity ratio technique for temperature
determination, which validates our new setup for temperature measurements. Furthermore, we
have also shown that by embedding Er,Yb:NaYF4 nanoparticles in PDMS, we can generate

transparent composites that might allow the fabrication of thermometric microfluidic chips, in
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which the same chip can be used as a luminescent thermometer for temperature determination in

the walls of the microchannels.
Acknowledgements

This work was supported by the Spanish Government under Projects No.
MAT?2013-47395-C4-4-R, TEC2014-55948-R and MAT2014-56607-R, and by Catalan
Authority under Project No. 2014SGR1358. Ol. A. Savchuk is supported by Catalan
Government through the fellowship 2015FI_B2 00136. F. D. acknowledges additional
support through the ICREA Academia awards 20101CREA-02 for excellence in research.

References

[1] B. Hildebrandt, P. Wust, O. Ahlers, A. Dieing, G. Sreenivasa, T. Kerner, R. Felix, H.
Riess, The cellular and molecular basis of hyperthermia, Crit. Rev. Oncol. Hematol. 43
(2002) 33-56.

[2]1 J. L. Roti Roti, Cellular responses to hyperthermia (40-46 degrees C): cell killing and
molecular events, Int. J. Hyperther. 24 (2008) 3-15.

[3] A.Y. Cheung, A. Neyzari, Deep local hyperthermia for cancer therapy, Cancer Res. 44
(1984) 4736-4744.

[4] R.B. Roemer, Engineering aspects of hyperthermia therapy, Annu. Rev. Biomed. Eng. 1
(1989) 347-476.

[5] M. P. Groover, Fundamentals of modern manufacturing: materials, processes and
systems, fourth ed., John Wiley & Sons Inc., Hoboken, 2010.

[6] D.Jaque, F. Vetrone, Luminescencenanothermometry,Nanoscale 4 (2012) 4301-4326.

[71 C.D. Brites, P.P. Lima, N.J. Silva, A. Millan, V.S. Amaral, F. Palacio, L.D. Carlos,
Thermometry at the nanoscale, Nanoscale 4 (2012) 4799-4829.

[8] M. Asheghi, Y. Yang, Micro- and nano-scale diagnostic techniques for thermometry and
thermal imaging of microelectronic and data storage devices, in microscale diagnostic
techniques, in: K. S. Breuer (ed.), Springer-Verlag, Berlin, 2005, pp. 155-196.

[91 J. Christofferson, K. Maize, Y. Ezzahri, J. Shabani, X. Wang, A. Shakouri, Microscale
and nanoscale thermal characterization techniques, J. Electron. Packaging, 130 (2008)
041101-041106.

[10] A. H. Khalid, K. Kontis, Thermographic phosphors for high temperature measurements:
principles, current state of the art and recent applications, Sensors 8 (2008) 5673-5744.

152



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: 1. New detection techniques

[11] P. Haro-Gonzélez, L. Martinez-Maestro, I. R. Martin, J. Garcia-Solé, D. Jaque, High-
sensitivity fluorescence lifetime thermal sensing based on CdTe quantum dots, Small8
(2012) 2652-2658.

[12] L.M. Maestro, E.M. Rodriguez, F.S. Rodriguez, M.C. Iglesias-de la Cruz, A. Juarranz, R.
Naccache, F. Vetrone, D. Jaque, J.A. Capobianco, J. Garcia Solé¢, CdSe quantum
dotsfortwo-photonfluorescence termal imaging, Nano Lett. 10 (2010) 5109-5115.

[13] P.A.S.Jorge, M.A. Martins, T. Trindade, J.L. Santos, F. Farahi, Opticalfibersensingusing
quantum dots, Sensors-Basel 7 (2007) 3489-3534.

[14] G. Walker, V. Sundar, C. Rudzinski, A. Wun, M. Bawendi, D. Nocera, Quantum-dot
optical temperature probes, Appl. Phys. Lett. 83 (2003) 3555-3557.

[15] W. Jung, Y.W. Kim, D. Yim, J. Y. Yoo, Microscale surface thermometry using
SU8/Rhodamine-B thin layer, Sens. ActuatorsA171 (2011) 228-232.

[16] T. Barilero, T. Le Saux, C. Gosse, L. Jullien, Fluorescent thermometers for dual-
emission-wavelength measurements: molecular engineering and application to thermal
imaging in a microsystem, Anal. Chem. 81 (2009) 7988-8000.

[17] Y. Shiraishi, R. Miyarnoto, T. Hirai, A hemicyanine-conjugated copolymer as a highly
sensitive fluorescent thermometer, Langmuir 24 (2008) 4273— 4279.

[18] E. Saidi, B. Samson, L. Aigouy, S. Volz, P. Low, C. Bergaud, M. Mortier, Scanning
thermal imaging by near-field fluorescence spectroscopy, Nanotechnology20 (2009)
115703.

[19] S.K. Singh, K. Kumar, S.B. Rai, Er®*/Yb®codoped Gd,Osnano-phosphor for optical
thermometry, Sens. Actuators A149 (2009) 16-20.

[20] F. Vetrone, R. Naccache, A. Zamarron, A. J. de la Fuente, F. Sanz-Rodriguez, L. M.
Maestro, E.M. Rodriguez, D. Jaque, J. Garcia Sole, J.A. Capobianco,Temperature
sensing using fluorescent nanothermometers, ACS Nano4 (2010) 3254-3258.

[21] N.N. Dong, M. Pedroni, F. Piccinelli, G. Conti, A. Sbharbati, J.E. Ramirez-Hernandez,
L.M. Maestro, M.C. Iglesias-de la Cruz, F. Sanz-Rodriguez, A. Juarranz, F. Chen, F.
Vetrone, J.A. Capobianco, J. GarciaSole, M. Bettinelli, D. Jaque, A. Speghini, NIR-to-
NIR two-photon excited CaF2:Tm®*, Yb® nanoparticles: multifunctional nano probes for
highly penetrating fluorescence bioimaging, ACS Nano5 (2011) 8665-8671.

22] Ol. A. Savchuk, J. J. Carvajal, J. Massons, M. Aguilo, F. Diaz, “Dispositivo y metodo
i g p y
para medida remota de temperature,” Spain, P3110ES00, August 5, 2014.

[23] A.J. Downard, D.J. Garret, E.S.Q. Tan, Microscale patterning of organic films on carbon
surfaces using electrochemistry and soft lithography, Langmuir 22 (2006) 10739-10746.

153



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: 1. New detection techniques

[24] J. Zhou, A.V. Ellis, N.H. Voelcker, Recent developments in PDMS surface modification
for microfluidic devices, Electrophoresis 31 (2010) 2—16.

[25] http://www.hamamatsu.com/resources/pdf/ssd/s9706_kpic1060e.pdf

[26] L.H. Fischer, G.S. Harms, O.S. Wolfbeis, Upconverting nanoparticles for nanoscale
thermometry, Angew. Chem. Int. Ed. 50 (2011) 4546-4551.

[27] R. Calderon-Villajos, C.Zaldo, C. Cascales, Enhanced upconversion multicolor and
white light luminescence in SiOz-coated lanthanide-doped GdVO. hydrothermal
nanocrystals, Nanothechnology 23 (2012) 505205.

[28] O.A. Savchuk, JJ. Carvajal, C. Cascales, J. Massons, M. Aguilé, F. Diaz,
Thermochromic upconversion nanoparticles for visual temperature sensors with high
thermal, spatial and temporal resolution, Nanoscale (submitted).

[29] M. Haase, H. Schéfer, Upconverting nanoparticles, Angew. Chem. Int. Ed. 50 (2011)
5808-5829.

[30] B.Dong, B. Cao, Y. He, Z. Liu, Z. Li, Z. Feng, Temperature sensing and in vivo imaging
by molybdenum sensitized visible upconversion luminescence of rare-earth oxides, Adv.
Mater. 24 (2012) 1987-1993.

[31] S. Zhou, K. Deng, X. Wei, G. Jiang, C. Duan, Y. Chen, M. Yin, Upconversion
luminescence of NaYF4:Yb%*, Er®* for temperature sensing, Optics Commun. 291 (2013)
138-142.

[32] Ol. A. Savchuk, P. Haro-Gonzalez, J.J. Carvajal, D. Jaque, J. Massons, M. Aguild, F.
Diaz, Er:Yb:NaY2FsO up-converting nanoparticles for sub-tissue fluorescence lifetime
thermal sensing, Nanoscale 6 (2014) 9727-9733.

[33] S. Jiang, P. Zeng, L. Liao, S. Tian, H. Guo, Y. Chen, C. Duan, M. Yin, Optical
thermometry based on upconverted luminescence in transparent glass ceramics
containing NaYF4:Yb**/Er®* nanocrystals, J. Alloys Comp. 617 (2014) 538-541.

[34] C. W. Shields IV, C. D. Reyes, G. P. Lopez, Microfuidic cell sorting: a review of the
advances in the separation of cells from debulking to rare cell isolation, Lab Chip 15
(2015) 1230-1249.

[35] S. Koster, F. E. Angilé, H. Duan, J. J. Agresti, A. Wintner, C. Schmitz, A.C. Rowat, C.A.
Merten, D. Pisignano, A.D. Griffiths, Drop-based microfluidic devices for encapsulation
of single cells, Lab Chip 8 (2008) 1110-1115.

[36] F. M. Weinert, J.A. Kraus, T. Franosch, D. Braun, Microscale fluid flow induced by
thermoviscous expansion along a traveling ware, Phys. Rev. Lett. 100(2008) 164501.

154



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: 1. New detection techniques

[37] M. U. Kopp, A. J. de Mello, A. Manz, Chemical amplification: continuous-flow PCR on
a chip, Science 280 (1998) 1046-1048.

[38] P.R.N. Childs, J.R. Greenwood, C.A. Long, Review of temperature measurement, Rev.
Sci. Instrum. 71 (2000) 2959-2978.

[39] L.J. Davis, M. Deutsch, Surface plasmon based thermo-optic and temperature sensor for
microfluidic thermometry, Review of Sci Inst. 81(2010) 114905.

[40] K. L. K. Liu, K. L. Davis, M. D. Morris, Raman spectroscopic measurement of spatial
and temporal temperature gradients in operating electrophoresis capillaries, Anal. Chem.
66 (1994) 3744-3750.

[41] M. E. Lacey, A. G. Webb, J. V. Sweedler, Monitoring temperature changes in capillary
electrophoresis with nanoliter-volume NMR thermometry, Anal. Chem. 2000, 72, 4991-
4998,

[42] N. Ishiwada, S. Fujioka, T. Ueda, T. Yokomori, Co-doped Y,03:Tb%*/ Tm® multicolor
emitting phosphors for thermometry, Opt. Lett. 36 (2011) 760-762.

[43] R.A. Mendels, E.M. Graham, S.W. Magennis, A.C. Jones, F. Mendels, Quantitative
comparison of thermal and solutal transport in a T-mixer by FLIM and CFD,Microfluid.
Nanofluid. 5 (2008) 603-617.

[44] X. Deng, B. Liu, S. Cao, R. Luo, H.Chen, A novel approach for the preparation of
PMMA-PDMS core-shell particles with PDMS in the shell, Appl. Surf. Sci. 253 (2007)
4823-4829.

[45] M. George, R. G. Weiss, Molecular organogels. Soft matter comprised of low-molecular-
mass organic gelators and organic liquids, Acc. Chem. Res. 39 (2006) 489—497.

[46] C. Fang, L. Shao, Y. Zhao, J. Wang, H. Wu. A gold nanocrystal/poly(dimethylsiloxane)
composite for plasmonic heating on microfluidic chips, Adv. Mater. 24 (2012) 94-98.

[47] Y. lJiang, H. Wang, S. Li, W. Wen, Applications of micro/nanoparticles in microfluidic
sensors: a review, Sensors 14 (2014) 6952-6964.

[48] H. Fu, G. Yang, S. Gai, N. Niu, F. He, J. Xu, P. Yang, Color-tunable and enhanced
luminescence of well-defined sodium scandium fluoride nanocrystals, Dalton Trans. 42
(2013) 7863-7870.

155



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 3 Luminescence nanothermometry in the visible: 1. New detection techniques

156



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 4 Luminescence nanothermometry in the visible: II. New materials

CHAPTER 4

Luminescence nanothermometry in the visible: I1.

New materials

In this chapter we included the new materials we investigated for luminescence
nanothermometry. Ho%, Yb%*:KLu(WO.), nanoparticles as a versatile materials for multiple
thermal sensing by luminescence nanothermometry is presented. Different luminescence
thermometric techniques have been used to evaluate the potentiality of this material, such as the
fluorescence intensity ratio technique of two thermally coupled Stark sublevels, the intensity
ratio between the red and green luminescence bands generated by two electronically and
thermally linked manifolds of these nanoparticles, lifetime measurements, or by observing the
change of the color of the emitted light arising from the sample. We have also shown how by
adding an additional active ion to the host matrix we can generate a totally new and potential
system. The change in the upconversion emission spectra of the triply doped Ho®*, Yb%,
Tm**:KLu(WO,), nanoparticles in range of the temperatures from 296 to 673 K were
investigated. The intensity ratio between two emission lines at 648 and 661 nm, arising from the
Tm3* transition 1G4 — 3F4 and the Ho®" transition 5F; — °17, respectively, and between 539 and
549 nm, arising from two Stark sublevels of the Ho®* transition 5F4, S, — Sl were used for
monitoring the temperature. Moreover, these nanoparticles have an alternative scheme of
excitation at 808 nm, providing a linear evolution of the intensity ratio between the 687 nm (‘G4
— 3F, Tm®* transition) and the 545 nm (°S;, 5F4 — %l Ho®* transitions) emission bands in the
biological range of the temperatures. Thus, with the same material we have shown that by

pumping Yb® at 980 nm we obtain a good thermal sensitivity at relatively high temperatures,
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while pumping Tm3* at 808 nm we obtain an excellent thermal sensitivity in the biological range
of temperatures.

Moreover, we report the synthesis of Er¥*, Yb®*:NaYF4 nanoparticles by a microwave-
assisted solvothermal method. By tuning the basic parameters of the synthesis procedure, such
as the time and temperature of reaction and the concentration of ethanol and water, the size and
the crystalline phase of the nanoparticles could be controlled. We analysed the evolution of the
upconversion emission spectra of the synthesized nanoparticles for their use in luminescence
thermometry. We observed that the thermal sensitivity that can be achieved is a function of the
size of the nanoparticles and the crystalline phase in which they crystallize. Finally, we proved
their practical application by mapping the temperature distribution in a glass slide cover
generated by graphene flakes illuminated by a 808 nm diode laser, achieving a thermal
resolution of 0.1 K.

Finally, we analyzed the evolution of the upconversion emission spectra generated by
Er¥*, Yb*:GdVO,@SiO, core-shell nanoparticles in the physiological range of temperatures.
We observed how the silica coating, in the core-shell structure, affects positively the
temperature sensing characteristics of this material. The absolute thermal sensitivity calculated
for the core-shell nanoparticles was double than that achieved in bare nanoparticles, allowing for
an experimental thermal resolution of 0.4 K. Moreover, the silica-coated nanoparticles showed a
good dispersibility in different solvents, such as water, DMSO and methanol, and good
luminescence stability without any interaction with the solvent molecules. Furthermore, we also
observed that the silica coating prevents the nanoparticles from a progressive heating during
prolonged periods of excitation with the laser at 980 nm, which would affect their thermometric
applications. To demonstrate the potentiality of these new nanothermometers, we performed a

temperature sensing experiment in chicken breast heated externally by hot air.
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Paper VI

Savchuk, Ol. A.; Carvajal, J. J.; Pujol, M. C.; Barrera, E. W.; Massons, J.;
Aguilo, M.; and Diaz Ho,Yb:KLu(WOs). nanoparticles: a versatile material for
multiple thermal sensing purposes by luminescent thermometry (2015) J. Phys.
Chem. C 119, 18546—18558.
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Abstract

We studied the temperature dependence of the up-conversion emission in the green and the red
regions of the electromagnetic spectrum of Ho,Yb:KLu(WO4), nanocrystals after excitation at
980 nm, and analyzed their possible applications as thermal sensors in luminescence
thermometry in the RT to 673 K range, by using different techniques. The different
thermometric techniques used are the fluorescence intensity ratio technique of two thermally

coupled Stark sublevels, the intensity ratio between the red and green luminescence bands
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generated by two electronically and thermally linked manifolds of these nanoparticles, lifetime
measurements, or by observing the change of the color of the emitted light arising from the
sample. In all cases, thermal sensitivities comparable to those previously reported in the
literature are obtained, but offering different thermal sensing approaches using a single material,

providing a way to corroborate the temperature measurements.

1. Introduction

Contact thermometry has several limitations at the submicrometer scale, including stability,
accuracy and the location of the sensor tip for a temperature measurement.' This promoted the
development of different non-contact thermometry technologies,”> from which those that use
different properties of light constitute promising methods for temperature determination with
high spatial resolution.! Among these techniques, however, there are some of them that’s how
serious drawbacks. The main one is that most of these techniques allow measuring the
temperature in the surface of the sample.? Furthermore, infrared (IR) and thermoreflectance
thermometers show a restricted spatial resolution. From another side, Raman spectroscopy can
only be applied to materials showing a large Raman efficiency and thus it is restricted to a few
numbers of systems.*?

Luminescence thermometry has emerged as an alternative to overcome these problems, as it can
increase the spatial resolution, can measure temperatures in the body when the luminescent
nanoparticles are internalized in the sample, can be used to measure high temperatures, or to
characterize moving surfaces and even it allows measuring the temperature in the presence of
strong electromagnetic fields without interferences.!!® Luminescence thermometry is based on
the temperature dependence of the fluorescence features (intensity and peak position of the
absorption and excitation bands, lifetime, etc.) of luminescence nanoparticles to determine the

temperature of a sample in contact with them.?
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Lanthanide-doped (Ln-doped) materials have often been used as temperature sensors in the
luminescent thermometry techniques since those ions show several narrow emission and
absorption lines, some of them even thermally coupled, that can be used for this purpose, apart
from relatively long emission lifetimes (in the range of microseconds to milliseconds), and good

chemical and physical stability they present.!!!3

Furthermore, Ln-doped materials have the
capability to generate efficient up-conversion visible emissions through absorbing near-infrared
(NIR) light, allowing to overcome problems related with background fluorescence and
damaging of the surrounding tissues in biological applications when excited with ultraviolet
light, as it happens with the usual luminescence process where the emitting ion is excited at a
shorter wavelength to respect the light emitted.. Furthermore, the NIR lasers used to excite those
up-conversion nanoparticles are much cheaper and more powerful than the UV lasers. Finally,
the use of NIR radiation also preserves the operative lifetime of the phosphors used, in
comparison with those illuminated with UV light, that are damaged usually by this radiation,
shortening their operational lifetimes.'*The most studied lanthanide element for this specific
application is Er** which is usually coupled to Yb**, since it has a larger absorption cross section
in the NIR region and provides an efficient energy transfer to Er*" due to the large spectral
overlap between these two ions.'>2!

However, there exist other possible lanthanide candidates that can be efficiently used in
luminescent thermometry, such as Ho**. It is known that Ho®" sensitized by Yb" can generate a
strong visible up-conversion emission under NIR excitation.?>?” Using Ho*" as activator and
Yb** as sensitizer, blue, green and red emission bands can be obtained after pumping with NIR
light at 980 nm by up-conversion processes. However, so far, just a very few works have been
devoted to the temperature sensing capabilities of Ho** or Ho*",Yb3"co-doped systems, that are
mainly focused on the emission on the blue region of the spectrum, that has a low penetration

depth in biological tissues and it suffers from the lower sensitivity of detection systems when

compared to those operating in the green and/or red regions.”??’ In this context, the blue
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emission of Ho**, Yb3*:Y,03 nanoparticles have been used to determine the temperature in the
10-300 K range,?’ and the blue emission of the Ho*',Yb*:CaWOQ4 phosphor was used to
determine the temperature in the 303 — 923 K.2°

Here we propose to use the KLu(WOQy); as a host for Ho and Yb ions,?®3* and explore their
possibilities in luminescent thermometry applications. KLuW is a member of the family of

monoclinic potassium double tungstate materials that crystallize in the C2/c spatial group of

1 28-30

symmetry,*' with laser applications, and more recently with interest for the fabrication of
waveguides,3? since it allows for a high lanthanide ion doping concentration without quenching
effects and lanthanides show high absorption and emission cross-sections when embedded in
it.3!

We report the temperature sensing capabilities of Ho**, Yb** co-doped KLuW nanoparticles
using different techniques, such as the FIR technique applied to the red emission generated by
these nanoparticles, with a higher penetration depth in the biological tissues when compared to
the blue emission. We also explored the lifetime measurements technique on the green and red
emissions arising from these nanoparticles upon NIR diode laser excitation at 980 nm. Both
techniques show significant sensitivity and provide a great potentiality of using Ho**, Yb*" co-
doped KLuW nanoparticles as thermal probes. Moreover, we observed a temperature dependent
change in the color perception of the emission arising from these nanoparticles that provides
additional possibilities for visual, real-time temperature determination. Finally, we explored the
possibilities of using the intensity ratio between the red and green emissions that are generated

from linked electronic states, increasing still the possibilities of using this material for

thermometric purposes.
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2. Experimental Details

Synthesis of Ho,Yb:KLuW nanoparticles. lat. % Ho and 10 at. % Yb doped KLuW
nanocrystals were synthesized by the modified Pechini sol-gel method.?? Analytic grade purity
reagents of H0203 (99.9999%) Yb203 (99.9%), and Lu,O3 (99.9999%), were dissolved in hot
nitric acid in stoichiometric proportions to form the nitrate precursors. Citric acid (CA), as the
chelating agent and ethylenglycol (EG), as the esterification agent, were used also in this
reaction. The nitrate precursors were dissolved in distilled water with citric acid in a molar ratio
of CA to metal cations CM = [CA]/[METAL] = 1. Ammonium tungstate (NH4),WO4 (99.99%)
and potassium carbonate K,CO3 (99.99%) were added to the aqueous solution, that was heated
at 353 K under magnetic stirring during 24 h until complete dissolution. Then, EG was added to
the mixture in a molar ratio CE = [EG]/[CA] = 2. The solution was heated at 373 K in order to
evaporate water and generate the polymeric gel. After that, the polymeric gel was calcinated at
573 K for 3 hours to obtain the precursor powders that were then calcinated at 1023 K for 2

hours to eliminate the organic compounds and crystallize the desired nanoparticles.

Spectroscopic characterization. The emission spectra of Ho,Yb:KLuW nanoparticles from
room temperature up to 673 K were recorded after pumping at 980 nm with an Apollo
Instruments, Inc. cw diode laser. The emission from the samples was dispersed in a JobinYvon
HR 460 monochromator. A Hamamatsu PMTR 928 photomultiplier tube connected to a Perkin
Elmer DSP-7265 lock in amplifier was used to detect and amplify the collected signal.

For thermal sensing experiments, Ho,Yb:KLuW nanoparticles were introduced into a Linkam
THMS 600 heating stage, with thermocouples connected to the heating stage for temperature
control, and with a boron nitride disk that homogenizes the temperature distribution along the

sample.
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Pictures illustrating the color of the emission generated by the samples were recorded using a
CCD camera Thorlabs DCU224C.

For luminescence decay-time experiments, Ho,Yb:KLuW nanoparticles were excited at 980 nm
with an optical parametric oscillator from Opotek (Vibrant HE 355 II + UV) with a pulse
duration of 6 ns and a repetition frequency of 10 Hz. The fluorescence light emitted by the
sample was collected with a microscope objective (10x), transferred to the monochromator for
the selection of specific wavelengths, and then detected using a Hamamatsu R928
photomultiplier. The decay curves of the 540 nm and 650 nm emitted signals were measured
with a digital oscilloscope. To analyze the changes in lifetime at different temperatures,
Ho,Yb:KLuW nanoparticles were introduced into the Linkam THMS 600 heating stage

described above.

3. Results and Discussion

A transmission electron microscopy (TEM) image of the Ho,Yb:KLuW nanoparticles
synthesized by the Pechini method is shown in Figure la. It can be seen that the nanoparticles
have an irregular shape with the presence of agglomerates, typical in nanoparticles synthesized
by this method.>*The average size was found to be 40 — 60 nm, as can be seen in the size
distribution histogram depicted in Figure 1b, after analyzing over 1000 nanoparticles. Figure 1c
shows the XRD pattern recorded for these nanoparticles, showing that they crystallize in the
monoclinic system with C2/c spatial group. The reference XRD pattern, corresponding to
KLu(WOys), (JCPDS file 54-1204) was included for comparison. From the XRD patter it was
possible to estimate a crystallite size of 35 nm, using the Scherrer equation.’® This is in

agreement with the mean size of these nanoparticles determined by TEM.
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Figure 1. (a) TEM image and (b) size distribution histogram of Ho,Yb:KLuW nanoparticles
synthesized by the Pechini method. (¢) XRD pattern of these nanoparticles together with the

KLuW reference pattern, JPDS file 54-1204.

The up-conversion emission spectra of 1 at. % Ho, 10 at. % Yb:KLuW nanoparticles in the
range of temperatures from 297 — 673 K are shown in Figure 2a. Each spectrum consists of two
separated emission bands located in the green and the red regions of the visible spectrum. In this
material, we did not observe the blue emission as previously reported for Ho**:TeO, glasses or
Ho*',Yb**":CanAl14033, Ho*',Yb’":CaWO4, Ho**, Yb**:Y.0; and Ho*",Yb*", Tm*":Y,03
phosphors.?*?’ The up-conversion mechanism can be explained as follows. The electronic
population of the Sy, 3F4 energy levels of Ho®" under the 980 nm laser excitation is
accomplished through the sequential energy transfer from two different electrons that have been
promoted to the 2Fs; level of Yb*" from the 2F7 level, by means of ground state absorption

(GSA) after pumping at 980 nm. First, energy transfer (ET) process from the excited 2F7»

167



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 4 Luminescence nanothermometry in the visible: II. New materials

energy level of Yb3*promotes electrons in Ho®" to the’ls energy level. Then, a second ET from
Yb** promotes electrons in Ho*" from the 5l to the 3S,, *F4 multiplets. From these 3S,, F4
energy levels, the radiative relaxation to the ground state generates the green emission at 540
nm. A nonradiative relaxation from the 3S,, °F4 energy levels populates the °Fs multiplet, from
which the radiative process generates the red emission with two main peaks centered at 650 and
660 nm (see Figure 2b). A second path to explain the population of the 3Fs energy level can also
be postulated from a nonradiative process after the first ET transfer process, populating the °I;
energy level of Ho’ ion. The ET from a second electron in the 2F7, energy level of Yb%

promotes these electrons to the 5Fs energy level of Ho®*.
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Figure 2. (a) Evolution of the up-conversion emission spectra of Ho,Yb:KLuW nanoparticles
with temperature in the range 297-673 K after excitation at 980 nm.(b) Energy level diagram
for Ho,Yb:KLuW nanoparticles indicating the transitions involved in the absorption and

emission processes.

As can be seen in the spectra depicted in Figure 2a, when the temperature increased both up-
conversion emission bands drop in intensity due to the thermal quenching effect.?® 37 However,
the red emission band that consists of two peaks assigned to the radiative transition from

different Stark sublevels of the 5Fs energy level of Ho*" to the ground state, shows a different
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thermal evolution in the intensity of these two peaks (see Figure 3a). The energy gap between
these Stark sublevels is small, so the upper sublevel can be thermally populated from the lower
sublevel when the temperature increased indicating that these two levels are thermally coupled,
which allowed to use the relative intensity between these two peaks to determine the
temperature by using the Fluorescence Intensity Ratio (FIR) technique. The FIR technique
consists in measuring the thermal dependence of the intensity of fluorescence arising from two
different electronic levels that are thermally coupled and calculate their ratio.>® The FIR from

two thermally coupled energy levels is usually given as:

| 9,v,o AE AE
FIR=—+=-2"exp| -—— |=Bexp| ———
l, g,%,0, P keT ® keT (1)

where I; and Dare the intensities of emission from the upper and the lower thermally coupled
energy levels; g, vi, and o;, are the degeneracy of levels, the spontancous emission, and the
absorption rates, respectively, kz is the Boltzmann constant, 7 is the absolute temperature, and
AE is the energy difference between the two energy states considered. However, if the emission
peaks are located very close to each other, they usually partially overlap. In order to modelize

for this effect, Wade et al.* proposed some modification on the FIR in equation 1, taking the

n AE m
FIR=| 2 |Bexp| - 25 || ™
(nlj Xp( kBTj+[n1J

where n; defines the fraction of the total fluorescence intensity of the transition originating from

form:

2

level i (upper level i = 2, lower level i = 1), and m defines the fraction of the total intensity from

level 1.
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The experimental data were fitted to equation 2 giving the following expression: FIR =
0,66exp(-337/T) + 0,79, as can be seen Figure 3b. This method was previously reported in Er-
doped fibers using the Stark sublevels of the 133, manifold® and in Yb-doped fibers using the
Stark sublevels of the 2Fs, manifold.”° However, in the case of Er-doped fibers, despite
resolutions of 0.36 K were achieved, the lengths of the fibers used in the tests (6-7 m), made
impractical this system for use as a point sensor.® In the case of Yb-doped fibers, the value of
the energy level difference obtained from the fit was larger than the predicted value between the
Stark sublevels of the 2Fs;, manifold, similar to what is happening in our case with the °Fs Stark
sublevels of Ho®*, due to temperature dependent changes in reabsorption and fluorescence from
the different Stark sublevels arising from changes in the population distribution of the ground
state. In order to compare the capacity for temperature determination of our nanoparticles with
other systems reported in the literature for the same purpose, we calculated the absolute
sensitivity through the derivative of this expression to respect temperature. The maximum

sensitivity was found at room temperature, with a value of 0.00385 K (see Figure 3c).
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Figure 3. (a) Comparison of the spectra of the red emission at room temperature and 673 K. (b)
FIR of the Isso/Isco in the range of the temperature 297 — 673 K. (c) Sensitivity graph for the ratio
Tsso/Tss0.

Table 1 summarizes the results reported in the literature for ratiometric luminescent
thermometric techniques, in which we highlighted the relative sensitivity reported, the
temperature resolution and the temperature range analyzed. We also included in the table the
excitation wavelength for the different systems, and the emission wavelengths used to calculate
the intensity ratio, together with the electronic transitions involved, in the case of lanthanide
ions, or the origin of the emission lines considered in the case of other systems. The table has
been structured in five different blocks. The first block contains the information related to
lanthanide-containing systems that have been pumped at wavelengths shorter than the emission
recorded. The second block contains the information related to lanthanide-containing up-
conversion systems. The third block contains the information related to quantum dot systems.
The fourth block contains the information related to organic-dye containing systems. Finally, in
the fifth block we included the information related to other systems that could not be classified
in the other four blocks, like polymer compounds, or transition metal complexes.

Table 1. Comparison of Ln-doped systems used for luminescence thermometry based on the

ratiometric techniques.

Relative Temperat
] Temperature Excitation Elec_tronic tra_nsitions sensitivity ure
Material wavelength involved (ion) %K™ . Ref.
range (K) . 1 resolution
(nm) Wavelengths ratio (temperature, (K)
K)
Lanthanide-containing systems, pumped at shorter wavelengths than the emission recorded
Eu-
EDTA(H:
0)2/ Eu- 274-343 579 8 1 41
EDTA(H: "Fo—5Do (EU*)
O)s 579.4/579.9 nm
Eu:P(VD
C-co-AN) 273-323 365 5Do—"F2 (EU®*) / BBS 7.2 (323 K) 42
/ BBS 611/412 nm
Eu-DT/ SDo—7F2 (EU®) /
OASN in 283-323 400 OSAN 7.2 (323 K) 43
silica NPs 614/498 nm
SDo—F4(EU%) /
Eu:SiO; 298-348 405 5Do—"F4(EU®*) 5 13
686 / 698 nm
Th,Eu 5D4—7Fs (Tb*") /
metal 10-350 365 SDo—TFAEW) 4.9 (150) 05 44
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organic 545/ 612 nm
complex
. *Do—'F2 (Eu™) /
E”'gb'Fez 10-350 365 5D4—7Fs (Th*) 4.7 (134) 05 45
¢ 610 / 547 nm
T1>8A; (Mn2Y) /
Eu:TiO; 307-533 360 SDo>7F2 (EU) 2.7 (533) 0'4%400 46
613/ 438nm
EuTb 5D4—7Fs (Tb%") /
y 273-343 405 5Do—"F2(EU*) 12 0.1 47
complexes 545/ 615 nm
2Hi12—*l1ar
Er:SBNgl 3ev7a 2
asscerami 300-700 532 (Er )’(33;37 s 0.17 (600 K) ; 48
¢ 800 /850 nm
Nd:SBNgl *Fsp—4lor (Zs) (NG®*) /
asscerami 300-700 532 4Fap—>*ep (Z1) (Nd**) 0.15 (600 K) - 48
c 820/880 nm
SDo—"F2 (EW®*) / Trap
Mn,Eu:Zn states — Ground state
S 293-423 394 criog ! 0.034 (353) 49
595 /612 nm
| 5D4—Fs (Tb%) /
EM”’;DD'(? 10-300 381 5Do—"F2 (Eu) - - 50
545 / 613nm
5Do—"F2 (Eu®*)
Eu:Y20s 323-1273 365 1 5Do—"F> (Eu®) - - 51
624/ 631 nm
“1512—%Hisi2 (Dy**) /
Dy:YAG 300-1500 355 “Fap—SHisi2 (Dy*) - 9 52
467/ 497 nm
415/0—%H1s12 (Dy**) /
Dy:YAG 295-1350 355 “Fon—SHus (DY*) - 25 53
456/ 496 nm
4l1s2—%H1s512 (Dy**)/
Dy:YAG 300-800 355 "Fon—SHss2 (Dy™) - 0.2% 54
458/ 490
415/0—%H1s12 (Dy**) /
Dy:YSZ 300-900 355 *Fyn—SH1s2 (DY) - 0.4% 54
458/ 490
2Hi12—*l1sr2
Er,Yb:Y: : (Er*")/*Sa—*l1s2 R R
o 202-572 488 i 55
“Far2 (R2) >*lorz (Za)
. i (Nd3*) / *Fa2 (R1) i
Nd:LaF; 303-333 808 %oz (Z1) (N3 2 56
885 /863 nm

Lanthanide-containing up-conversion systems

5F4, 55215 (Ho%") /

. 5F4, 5S2—°I7 (Ho%) 9.7 (85 K)
H°’gb'Y2 10-300 978 536/772nm 6.5 (84 K) ; 27
¢ 536/ 764 nm 4.6 (90 K)
536 /758 nm
3Hy;—3Hs (Tme*) /
Tm,Yb:Y: i 1Dp—>3F, (Tm) 7.8 270K) )
0 10-300 978 815/ 454 nm 6.7 (178 K) a7
815/ 460 nm
! 3H,;—3Hs (Tme*) /
Tm'gb'Yz 10-300 978 1G43Hs (TMH) 6.4 (290 K) ; 27
: 815/ 656 nm
2Hi12—*l1sr2
Er,Yb:Ca . (Er*)/*Ss—>*l1sp2 .
e 298-323 920 i 2.3 (318K) 57
538 / 552 nm
2Hi12—*l1sr2
Er,Yb:Gd> Py "
Os/Au 300-1050 980 (Er )/( ESraa/g)—> 152 151 1 58
NPs 510-565 nm
Er,Mn:Zn Emission intensity
S 293-318 450 290 nm 1.2 (423 K) - 59
Tm,Yb:Na
GdF,@Eu
Th:NaGd
F4 core- 50-300 980 1.2 - 60
shell 5Ds—7Fs (Th**)/
nanopartic 5Do—"F2(Eu®*)
les 545/ 615 nm
. 2Hi12—>*l1sr2
E"Y’;'PbF 200-325 975 (Er*)Syz sy 1.1 (310) ; 61
E™)
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523/ 548 nm
2Hu12>* s
Er,Yb: +
FluorideG 335-375 975 Er )?254374"5/2 1.1 (342K) 0.8 62
lass 523 /548 nm
Ho. Tm 1G4—*Hs (TM*") /
N 303-703 980 5F3—5lg (Ho™) 0.69 (303 K) 6 26
PY2Ys 477 /488 nm
2Ha12—>* sz (Er**) /1
Er:ZnO 273-573 978 Sa—>%1152 (EF**) 0.62 (443 K) - 63
536 /553 nm
5 5 3+
. Fs—°1(H0™") / .
H?_'uY\E’v'K 297-673 980 °S2,°Fa—°la(Ho*") 0.54 ! vTvglri
540/ 650 nm
S35z (Er**) /
Er:BaTiOs 322-466 980 2H11p—>*1s (Er%Y) 0.52 (333 K) - 15
547 /526 nm
. 4Sap—>*hsi2 (Er¥*) /
Er’\g"A'z 295-973 978 2Hy10—>%15 (EF%Y) 0.52 (476 K) 0.3 64
i 534 / 549 nm
Er/
Er,YbChal 4Sa—*lsi2 (Er®) /
cogenideG 293-498 1540 / 1060 g e (EF) 1.02/0.52 0.3/05 65
lass 530 /555 nm
» 3F23—Hs (TMPY) /
T YoL 323773 980 3Hio?Hs (Tm®) 0.52 (773 K) - 66
¢ 700/ 800 nm
2Hi12—>*l1sr2
Er,Mo:Yb g (Er**)/*Sa—*l1s2
ALOL 395-973 976 & 0.48 (467 K) 03 19
522 / 546 nm
2Hi12—>*l1sr2
Er,YbFluo (Er**)/*Sa—*l1s2
TeGlass 296-448 1480 & 04 1 67
522 /543 nm
2H112—>*l1sr2
Er,Yb:Gd, g (Er**)/*Sa—*l1s2 R
o 300-900 980 & 0.39 (300 K) 16
523 /548 nm
5|
i Fs sub-Stark energy :
Ho.vbike 207-673 980 levels of Ho®* 0385 (297) 1 oo
650/660 nm
: 1Gu@—Hs (TM*) /
Tm,gb.Yz 303-753 976 1Ge—>3Hs (TM) 0.35 (303 K) - 68
i 476 / 488 nm
2Hu12—>*l1sr2
Er,Yb:Sili . (Er¥)/*Saz—*l1s2
aGloss 296-723 978 & 0.33 (296 K) 0.2 69
526 / 549 nm/
- IKg—0lg(HO>) FFs—0lg
Ho,YY(b),Zn. 209-673 980 (Ho™) 0.3 (673) - 23
23 465/ 491 nm
. Fan—*si2 (Er¥*) /
E"Z\:gz'-" 323-673 976 Fopstlisp (Er) 0.22 (110K) - 70
646 / 678 nm
. 2H112—* sz (Er®) /
E”J'E;Na 299-336 920 4Syr—>*las (EFY) 0.21 - 1
525 / 545 nm
. 3H4—3Hs (Tm**) /
e 208-323 920 SHa—sHs (Tm™) 02(315K) : >
790 / 800 nm
Er:SiO; 295-873 800 - 0.1 13 71
2Hu12->*lisr
Er,Yb:Gd: 34} /4 4
Osnanorwi 293-600 978 (Er )’(srﬁgi)" lusiz - - 72
res
. 4S3—>lsi2 (Er®*) /
Er’JE;Na 293-333 980 2H112>*l1s12 (Er¥) - 3.4 18
541 /523 nm
4Fon—*l1512
Er,Yb:Na y (Er¥)/*Saz—*l1s2 R
v 293-333 980 e 21 18
656 / 541 nm
2H1172,*S32>% 1512
Er,Yb:Na } (Er®) / *Fo—>*11s12 } R
v 291-306 980 € 17
520-540 / 630-660 nm
] 2H110—*l1s12
ErybiNa 10-295 980 (EF)Ssn—l1sn - - 73
! (Er*)
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523 /548 nm
Er,Yb:Na Sap—*l1si2 (Er3*) /
YF: @ 293-333 980 2Hi12—>*l1s2 (Er®) - 0.45 18
NaYFs 541 /523 nm
i SF5—>%lg (Ho®") /
Ho rbiNa 203-333 980 55,551 (Ho®) - 73 18
4 656 / 541 nm
i 3F3—>3Hs (Tm?") /
Tm, vbiNa 203-333 980 1G—>3Hs (TM™) - >200 18
! 695 / 475 nm
Quantum dot systems
ZnMnSe /
ZnCdSe 293-373 380 Excitonic intensity 1.3 (318 K) 0.2 74
NPs ratio
CdSe/ZnS
/ 287-320 470 CdSe/znS / CdTe/zZnS 0.9 (320 K) 0.3 75
CdTe/ZnS -
CdSe
Nanocryst
als/
CdSNanor 293-298 400 0.66 - 76
ods with CdSe-CdS / Alexa-647
Alexa-647 630-640 / 664-674 nm
dye
Organic dyes-containing systems
Fluorescei
nD/
Texas 278-318 495 Fluorescein / Texas 4.5 (295 K) - 7
Red-Ain Red
DNA 518/610 nm
Rhodamin
eB/ Rhodamine B /
Rhodamin 20-50 1064 Rhodamine 110 13 ) .
e 110 -
Rhodamin Mercury
eBin 293-353 I SU8 / Rhodamine-B 1.3(338K) 0.1 79
lamp
SU8 -
Di-4-
ANEPPD 293-310 473 530/570 nm 0.5 (N.A) - 80
HQ dye
PFBT
polymer
dots / 283-343 450 Rodhamine B / PFBT 0.23 - 81
Rhodamin polymer dot
eB 573/510 nm
Othersystems
PNIPAM
containing 293-325 355 ESIPT / ECIST 6.7 (314 K) - 82
3HF-AM 436-423 / 508-538 nm
Emission of triplet
PtOEP 290-320 380 T(0,0) level 4.6 (305 K) - 83
540/ 650 nm
Pyrene-
labeled
poly(DEG 278-303 342 3.5 (294 K) - 84
MA-stat- Excimer / Monomer
PYMMA) 467 /395
Cnin C70/ perylene
PIBMA 293-363 420 470 /700 nm 1.8 (330 K) - 85
1,3-Bis(1-
pyrenyl)pr
opane in 303-413 325 1.4 (355 K) 0.16 86
[Campy][ Excimer/ Monomer
TFN] 376/476 nm
Perylene /
N-allyl-N-
methylanil 827-357 386 Exciplex / Monomer 1.3(350K) 2 87
ine in PS 475/543 nm
GFP 293-333 473 Polarization anisotropy 0.5 (333 K) 0.4 88
[Pt"(Br- PtTFPP / [Pt"(Br-
thg)(acac) 278-323 405 thg)(acac)] - 43 89
]/ PtTFPP Red / Blue

In a first sight to the table, we can see that the maximum thermal sensitivities were obtained for

Eu-doped systems (in the form of complexes** or combined with other luminescent systems?#243)
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or for up-conversion lanthanide-doped materials working at temperatures below room
temperature.?” Other systems showing high sensitivities are luminescent polymer systems, like
PNIPAM, but working in a very narrow temperature ranges.® It is also evident in Table 1 that in
several cases, the thermal sensitivity of a particular system was not provided, and those
especially correspond to pioneer works in this field. This is why, despite this thermal sensitivity
is not provided in the publication, we decided to include the rest of the data available to pay

tribute to those that opened this field of research.

If we consider the systems listed in the table for which the ratiometric technique used is based
on emissions exclusively lying in the red region of the electromagnetic spectrum, we can see
that the sensitivity of the Ho,Yb:KLuUW nanoparticles we report in this paper compared to that
of others Ln-doped systems reported in the literature is among the highest in this spectral region,
and only when a mixture of CdSe nanocrystals and CdSnanorods with Alexa-647 dye were used
as thermometers, the sensitivity was one order of magnitude higher than that we can obtain with
our nanoparticles. However, in the latter case, the synthesis procedure was complex, the
temperature range explored was very narrow, and it was not indicated at which wavelength the
quantum dots/organic dye system was pumped.’”® Also Eu-doped SiO, submicrometric spheres
exhibit a higher sensitivity in a shorter temperature range,® but those particles were excited with
near ultraviolet light that can damage the luminescent nanoparticles, shortening their operating
lifetimes.!* In the case of Eu:Y,03 nanoparticles,> no information about the sensitivity value is
given, even though the ratio between the two peaks in the red region looks higher than that
obtained in our case. However, again those particles are excited with UV light. Note also, that
our Ho,Yb:KLuW nanoparticles show the maximum absolute sensitivity at room temperature,
while Er,Yb,Li:ZrO, phosphors show the maximum absolute sensitivity at 110 K, obtained

through and extrapolation of the data measured.

175



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 4 Luminescence nanothermometry in the visible: II. New materials

When compared to other up-conversion systems, here the sensitivity of our nanoparticles show a
relatively low sensitivity, since sensitivities up to 6 times higher have been reported for Er-
doped systems®” (if the systems that have been explored only for temperatures below room
temperature are excluded and for which even higher sensitivities have been reported.?
However, most of these systems operated in the green region of the electromagnetic spectrum.
Thus, our nanoparticles offer an alternative luminescence range that can be used for
thermometric applications when interferences arise in the green range of wavelengths.

The versatility of this material offer different strategies to determine temperature using the up-
conversion emission spectra. In this context, the ratio of the integrated areas between the red and
green bands emitted by the nanoparticles shown in Figure 2 is depicted in Figure 4. The main
feature that can be observed in that graph is that this ratio follows a linear dependence with

temperature that would simplify the calibration procedure.

el
@

4,0

354

3,0

Ratio of integrated areas (red/green)

T T T T T T T T
300 350 400 450 500 550 600 650

Temperature (K)

Figure 4. Ratio of integrated areas between the red and green emission bands as the function of

temperature for Ho,Yb:KLuW nanoparticles.

Linearity is an outstanding feature for thermal sensing, since it ensures a constant thermal
sensitivity in the whole working temperature range of the thermal probe.'® In this case, we
cannot consider that the electronic populations of the excited states follow a Boltzmann-type

distribution, since they are located far from each other.® Thus, we cannot use the FIR technique
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in that case. However, since the population of the °Fs electronic level of Ho%*is achieved mainly
from the nonradiative relaxation from the °S, and °F4 levels of the same ion, and this process is
temperature dependent, as evidenced by the faster decrease of the intensity of the green band
arising from the last electronic levels, in front of the intensity of the red band arising from the
former, we can consider that all these levels are electronically coupled. The expression of this
electronic coupling is the plot of the thermal evolution of lrd/lgeen depicted in Figure 4, and
from which a linear dependence, as mentioned before, can be fitted. Then, to facilitate
quantitative comparison with other ratiometric luminescence temperature sensors operating by
different mechanisms we used the relative sensitivity, calculated taking the first derivative of the
intensity ratio between the two emission bands with respect to the temperature divided by its
ratio. The relative sensitivity was found to be 5.4 - 10 K, constant all over the range of
temperatures analyzed. When compared to other systems for which this red/green or green/red
ratio has been used to quantify the thermometric properties, and listed in Table 1, one can see
that most of them are based on Tb3* and Eu®* co-doped systems,***>#" that although show high
sensitivities (up to 4.9 - 102 K1), are all pumped in the UV. Zheng et al. also reported
temperature measurements by determining the intensity ratio of green and red emissions of
Th,Eu:NaGdF,@ Tm,Yb:NaGdF, core-shell nanoparticles pumped at 980 nm,%® which again
showed a relative sensitivity one order of magnitude higher (1.2 - 102 K') that the one reported
for our nanoparticles, although in that case the range of temperatures analyzed was below room
temperature (50-300 K).The Wolfbeisgroup also explored the possibility to use the green/red or
green/red ratios in up-converting Er,Ybh:NaYF4 and Ho,Yb:NaYF4 nanoparticles,'”® but they
did not report the sensitivity for their measurements.

We have also observed that the up-conversion emission of the Ho,Yb:KLuW nanoparticles
shows still another attractive temperature dependent property. As the temperature increases the
color perception of the emission arising from the sample changes from yellow to dark orange.

The tunability of the color emission as a function of temperature is shown in Figure 5a. At room
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temperature the green emission arising from the 5S,, 5F;,—°lg transition has a similar intensity
than the red emission arising from the 5Fs—°®Ig transition. Thus, the emission is perceived as
yellow. When the temperature rises up to 473 K the emission is perceived as orange, since the
red emission dominates over the green emission. Finally, at 673 K the color is perceived as deep
orange or red, since the intensity of this band is significantly higher than that of the green
emission. Thus, this change of the color perception of the emission arising from the
nanoparticles might constitute a new possibility for visual temperature determination, although
the thermal resolution would be very wide, of the order of 50 K, if it is intended to be visualized
by naked eye. We believe that this thermal resolution might be improved if a colorimeter is used
instead, although no measurements have been made in this direction. A similar feature has been
reported previously in Th,Tm:Y 205 particles pumped in the UV, and in which emission evolves

from blue to green, with a similar visual thermal resolution.°

(a)

>

297 323 373 4;3 4'73 5'23 5;3 623 673
Temperature (K)

Figure S. (a) Tunability of the color perception of the emission of the Ho,Yb:KLuW
nanoparticles with temperature; (b) Change of the color emission according to the CIE 1931

chromatic diagram.
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From the recorded spectra we calculated the CIE 1931 coordinates in the range of temperatures
297 — 673 K (see Figure 5b).°! The tuning of the CIE coordinates shows a linear dependence
with temperature, starting from the border between the green and yellow regions and ending up
at the border between the yellow and red regions of the CIE 1931 coordinates diagram.

Finally, we have measured the temperature dependent fluorescence lifetime corresponding to the
540 nm emission line of Ho,Yb:KLuW nanoparticles associated to the °S,, F4 radiative
transitions. Figure 6a shows the decay curves recorded in the 296 — 673 K temperature range
plot in a log scale. In these curves it is evident the presence of a rising time that denotes the
energy transfer process occurring in our system. Also, in all cases we observed a non-single
exponential component due to the existence of nonradiative processes, which are responsible for
the reduction of the lifetime when the temperature increased, as can be observed in the graph.
The temperature dependent normalized lifetimes of Ho,Yb:KLuW nanoparticles, defined as
Toorm(T) = T(T)/1(296), for the emission lines centered at 540 and 650 nm are shown in Figure
6b. To calculate Thom We took only into account the decay part of the luminescent lifetimes. In

this way we avoided the rise time inherent in the energy transfer process. Furthermore, if 7 =

J1(t)-t-dt
[1(t)-dt”’

then by using this integration method, all the non-linear processes in the system
occurring at a particular temperature are taken into account.As can be seen in the graph the
lifetime decreases almost linearly in both cases, although the slope for the 540 nm is a little bit
higher indicating that it will have a higher sensitivity than the red emission. The sensitivity of
the temperature dependent fluorescence lifetime is associated to the thermal coefficient, that is
defined as the first derivative of the normalized lifetime at a given temperature respect to the

temperature. In the case of the emission line centered at 540 nm the thermal coefficient is 2.3 -

10K,
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Figure 6. (a) Fluorescence decay curves, and (b) normalized lifetime values as a function of
temperature of Ho,Yb:KLuW nanoparticles in the 296 - 673 K temperature range.

Table 2. Luminescent thermal data for different luminescent system used for fluorescence

lifetime thermometry.

Material Temperature Excitation wavelength Detection wavelength Thermal Ref.
range (K) (nm) (nm) sensitivity (%*K™) :
Nanodiamond 296-298,5 532 650 9 mK/Hz 2 92
Poly(DBD-AE-co-
NOPAM) 295,9-311,3 430 590 6 93
Rhodamine B 295-368 840 580 2.7 94
Euhybdrid NPs 298-318 400 616 2.2 95
CdTe quantum dots 300-323 405 510 1.7 96
Er:Yb:NaY>FsO NPs 298-333 980 545 1.5 97
Au nanoclusters 287-316 580 710 13 98
Th complexes 295-335 405 545 1.23 47
Ce:YAG NPs 283-350 337 700 1 99
Er:Yb:NaYFsNPs 298-333 980 545 0.5 100
Di-4-ANEPPDHQ
dye 293-310 473 530and 570 0.5 86
Euw:TiO,NPs 307-533 360 613 0.24 46
This
Ho:Yb:KLuW 296-673 980 540, 650 0.23,0.19 work

Table 2 compares the thermal sensitivity obtained in different luminescent systems used in
nanothermometry by measuring luminescence lifetimes. The majority of the systems listed show
a higher thermal sensitivity than the nanoparticles reported here, but in all these cases, with the

exception of Rhodamine B, Er:Yb:NaY,FsO, and Er:Yb:NaYF4 nanoparticles,they are pumped
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with shorter wavelengths than the emission line measured. Some of these systems are pumped in
UV, like Ce:YAG nanocrystals,”Eu hybrid nanoparticles,” and Eu:TiO nanoparticles,*® which
would limit the potential applications of these luminescent nanothermometers for instance in
biological applications, since the autofluorescence generated by the biological tissue when
illuminated with UV light, might difficult the detection of the signal arising from the
nanothermometer. Furthermore, UV pumping might also affect to the operational durability of
the materials, especially in the case of organic dyes and polymers.

In other cases, the evolution of lifetime with temperature does not follow a linear tendency,’
which makes the calibration procedures more complex, or the range of temperatures that can be

measured by the system is very limited, as it happens with luminescent polymers®

or
nanodiamonds.®?> Other systems, like quantum dots, display remarkable temperature-dependent
spectral shifts, and the thermal sensitivity changes with their sizes.’® Still other luminescent
thermometers, like the Di-4-ANEPPDHQ dye,*® or Au nanoclusters,”® requires time-correlated
single photon counters for the temperature measurements, incrementing in this way the
complexity of the measurement set-up.

When compared with the three other up-converting systems used also for luminescence
thermometry using lifetime measurements, we can conclude that the thermal sensitivity of
Ho,Yb:KLuW  nanoparticles is similar to that reported for Er,Yb:NaYF,
nanoparticles,’’although smaller than that of Er,Yb:NaY,FsO nanoparticles’’and Rhodamine
B.** However, in this last case, the very likely existence of toxic effects has been reported this
system,” which again limits the potential applications of this luminescent system.

Despite that exist other systems that show a higher thermal sensitivity by using lifetime
measurements as a luminescent thermometric technique, in the case of Ho,Yb:KLuW

nanoparticles we explored the widest temperature range in which a linear evolution has been

observed. This implies a constant thermal sensitivity over all this range of temperatures,
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simplifying the calibration procedures, and allowing those particles to be used in a wide range of

applications without introducing any change in the measurement procedures.

4. Conclusions

In summary, we analyzed the temperature dependence of the up-conversion emission of
Ho,Yb:KLuW nanocrystals under excitation at 980 nm using different luminescence
thermometry techniques. The FIR of the two thermally coupled Stark sublevels of the °Fs
manifold, with emissions at 650 and 660 nm, shows a great potentiality. The absolute sensitivity
determined in that case is among the highest of the previously reported in the literature for
systems with emission in the red region of the electromagnetic spectrum. Another luminescence
thermometry technique based on the ratio between the intensity of the red and green bands,
electronically coupled, shows a linear dependence with temperature, which ensures a constant
thermal sensitivity over the whole working temperature range of the nanoparticles, simplifying
then the calibration procedure. We also demonstrated that the temperature dependent
fluorescence lifetime of Ho,Yb:KLuW nanoparticles can be used for temperature determination
with a thermal coefficient similar to that of the Er,Yb:NaYF4 nanoparticles, the most efficient
up-conversion system reported up to now. Thus, we demonstrated that we can use a single
material to determine temperature by different luminescence thermometry techniques, and
although the thermal operation range is the same in all cases, it provides a tool to corroborate the
temperature measurements by different techniques. In fact, while the FIR method shows the
highest sensitivity at room temperature, the intensity ratio technique comparing the green and
red emission intensities and the lifetime technique show a constant thermal sensitivity over the
thermal range tested, which would allow having more precise measurements at high
temperatures. Finally, we have also shown that Ho,Yb:KLuW nanoparticles have the ability to

change the color perception of the emitted light by the influence of temperature. Thus,
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visualization of temperature changes can be done just by observing the evolution of the color of
the emitted light under NIR 980 nm excitation. Briefly, Ho,Yb:KLuW nanoparticles are proved
to be a versatile material for multiple thermal sensing purposes.

For future and real applications of these nanoparticles as nanothermometers, that might
comprise monitoring temperature in chemical reactors and microfluidic systems, or the detection
of “hot spots” in microelectronic devices and local temperatures within integrated photonic
devices according to the range of temperatures analyzed, their degree of agglomeration needs to
be addressed by functionalizing chemically their surfaces to prevent it. Furthermore,if the
synthesis process is optimized to reduce the size and size dispersion of these nanoparticles, and
if the appropriate chemical moieties are choosen to make them water dispersible, they might

also be used with biological purposes.
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(Ho, Tm, Yb): KLuUW nanoparticles, an efficient thermometry sensor in the
biological range
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Aguilé, F. Diaz
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ABSTRACT

We studied up-conversion emission of triply doped (Ho,Tm,Yb):KLu(WO,), (KLuW) nanocrystals at the range of
temperature 296-673 K at different excitation wavelengths. The intensity ratio between two emission lines was used for
monitoring the temperature. Pumping Yb®* at 980 nm provides a good response at relatively high temperatures, while
pumping Tm?®" at 802 nm provides an excellent sensitivity in the biological range of temperatures., which make the
material also attractive for biological temperature sensors.

Keywords: up-conversion emission, lanthanides, thermometry, nanoparticles.

1. INTRODUCTION

Temperature is one of the fundamental and important parameters for all the processes and phenomena. In many
applications, knowledge about temperature plays a substantial role. Accurate temperature measurements with high
spatial resolution is a challenging research topic nowadays [1-6]. Advances in nanotechnology demand precise
thermometry down to the nanoscale regime, where conventional methods are not able to make measurements. The
development of a nanoscale thermometer is not only a matter of size, but also requires materials with novel physical
properties.

In this context, the fact that pathological cells are warmer than healthy ones due to their enhanced metabolic activity
shows a great possibility for the use of nanoscale thermometers to biological applications.

Various types of luminescent nanoparticles have been developed for their use as a temperature sensors in biomedical
applications. Many systems exhibit light emission through usual down-conversion of the excitation wavelength. The
main limitation is that light in this range of wavelengths is absorbed by surrounding biological tissues. This leads to
background fluorescence and damage of the biological environment. The use of up-conversion nanoparticles, which
exhibit efficient visible emission properties through near-infrared excitation can overcome these problems and also
provide a dual function of imaging and temperature sensing at the nanoscale. Luminescent nanothermometers are based
on the temperature dependence of the fluorescence features (intensity and peak position of the absorption and excitation
bands, lifetime, etc.). In this context, the intensity ratio between two different emission lines has attracted much attention
[7]. This simple non-contact method is applicable over a wide temperature range (from 10 K to 2000 K) and involves the
comparison of intensities of two emission lines in photoluminescent spectrum.

The rare earth elements, divided into the lanthanides and actinides, are a group of elements that display remarkably
similar chemical and physical properties and were discovered in the late 18" century. Almost 100 years later, the
luminescence obtained from them was observed for the first time, and applications based on these elements were
developed. Rare earth ions, and specially lanthanides are characterized by their distinct spectra and spectral lines. When
doped in a crystal, the lanthanide ion emissions appear as sharp spectral lines, due to the transitions in the 4f shell being
unaffected by peturbations of the crystal.

In recently years, lanthanide doped materials are widely used as temperature sensors as they have the capability to
generate efficient up-conversion emission through absorbing near-infrared light. The most studied lanthanide element
for this specific application is Er** which is usually coupled to Yb® that has a larger absorption cross section in the near-
infrared region and provides an efficient energy transfer to Er** due to the large spectral overlap between these two ions.
Er**/Yb®* codoped Gd,Os; nanocrystalline phosphors have been used for optical thermometry using the green up-
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conversion emission centered at 523 and 548 nm in the 300-900K temperature range. A maximum sensitivity of about
0.0039K ™ was observed (at room temperature) [8-9]. More recently also Tm**/Yb®* co-doped materials have been used
for the same purpose, with a much deeper penetration imaging power using the *H, — 3Hg transition of Tm®* ions [10].

We studied a novel lanthanide doped KLuW nanoparticles, using different excitation wavelengths for applications in
thermometry. The use of monoclinic KLUW as the host material has several advantages: (i) large absorption and
emission cross sections; (ii) possibility of large doping concentrations without concentration quenching; and (iii) good
mechanical properties [11]. Ho®, Yb®*, Tm® are promising dopants for this host material as they are closer to Lu®* in
the lanthanide series of the periodic table of elements, which implies similar ionic radius, and thus a small distortion of
the crystallographic structure after doping. Furthermore, Ho®* and Tm®* present several emission lines in the blue, green
and red region of the emission spectra that can generated by up-conversion processes after excitation of Yb® and Tm®*
in the near-infrared region of the electromagnetic spectrum and efficient energy transfer to Tm®* and Ho*, depending on
the ion excited. These emission lines can be used to determine the temperature by the FIR technique.

2. EXPERIMENTAL SECTION

15 at. % Ho, 1 at. % Yb, 1 at. % Tm doped KLuW nanocrystals were synthesized by the modified Pechini sol-gel
method [12]. Analytic grade purity reagents of Tm,O; (99.9999%), H0,05 (99.9999%) Yb,0; (99.9%), and Lu,O3
(99.9999%), were dissolved in hot nitric acid in the specific proportions to form the nitrate precursor. Citric acid (CA) as
the chelating agent and ethylenglycol (EG) were used as the esterification agent. The nitrate precursors were dissolved
in distilled water with citric acid in a molar ratio of CA to metal cations CM=[CA]/[METAL] = 1. Ammonium tungstate
(NH4),WO, (99.99%) and potassium carbonate K,COs (99.99%) were added to the aqueous solution and we heated it at
353 K under magnetic stirring during 24 h until complete dissolution. Further, EG was added to the mixture in a molar
ratio CE=[EG]/[CA]=2. The solution was heated at 373 K in order to evaporate water and generate the polymeric gel.
After that, the polymeric gel was calcinated at 573 K for 3 hours, and 1023 K for 2 hours to eliminate the organic
compounds and crystallize the required nanoparticles. A summary of this process can be seen in Scheme 1.

Molar ratio (NH,), WO, Molar ratio Calcination
[CAV[METAL]=1 K,CO, [EGY[CA)=2 at 573K, 3h
Tm,0;, Ho,0,,Yb,0,, Nitrate Metals —CA Dissolution in Polymer Nanocrystalline
Lu,0, + HNO, precursor Complex water gel powder
Heating at Heating at Calcination at
353K, 24h 373K 1023K,2h

Scheme 1. Modified Pechini method for nanoparticles synthesis.

For up-conversion emission measurements, doped KLuW nanoparticles were introduced in a Linkam THMS 600
microscope heating stage. The sample was excited with diode lasers emitting at 980 and 808 nm, which correspond to
the maximum absorption wavelengths of Yb®* and Tm®* ions, respectively. The beam from the laser source was focused
on the sample and the emission was collected in 90° geometry in order to eliminate the residual laser pump. Emission
radiated from the sample was collected and dispersed on a Johin Yvon HR 460 monochromator. For detection a
Hamamatsu PMTR 928 photomultiplier tube, connected to a Perkin Elmer DSP-7265 lock in amplifier was used to
detect and amplify the collected signal.

The intensity ratio from two energy levels can be defined as,

. . |
Intensity- ratio= -+ =B exp(— A]
I, T

)

where B and A are coefficients that include the degeneracy of levels, the spontaneous emission angular frequency, the
emission cross section, and the energy transfer parameters between ions, and T is the absolute temperature. For
temperature sensing applications it is important to know the rate at which the intensity ratio changes for a small change
in temperature. This quantity, known as the sensitivity, can be calculated by:

| itv- i . .
S- d( nstensity ratIO) = Intensity- rat|0(— TA;]

dT
@
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3. RESULTS AND DISCUSSION

The stoichiometric composition the doped KLuW nanocrystals was determined by electron probe microanalysis
(EPMA\). The obtained stoichiometric formula was KLuo gs)H00.02¢) TMo.015) Y bo.01(4)(WOs4)2.

Figure 1 shows the X-ray powder diffraction pattern obtained after calcination of the nanocrystals at 1023 K for 2 hours.
All peaks were indexed according to the monoclinic phase with space group C2/c of KLUW by comparison with the
JCPDS 54-1204 card, indicating that the nanocrystals are formed by a single crystalline phase and the doping cations
have been incorporated into the host lattice, replacing Lu®* ions in the C; sites.

)
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> =28 g -
g gee s g
=
< * <
P
‘@
c
Qo
£
JCPDS 54-1204
‘ ‘ ; L ‘ | ‘. ‘H . dll “H \‘Ih ‘HuHu M “IHI T T
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Figure 1. X-ray diffraction pattern of (1.5%Ho, 1%Tm, 1%Yb):KLuW nanocrystals compared with the JCPDS 54-1204 pattern.
The morphology of doped KLuUW nanocrystals was analyzed with transmission electron microscopy (TEM) (see Figure

2). The images obtained indicated that the average size of the nanoparticles was around 100 nm and they have an
irregular shape. It can also be observed a small degree of agglomeration among the nanoparticles.

*
4 bo

~100nm
Figure 2. TEM images of the synthesized nanoparticles.

Up-conversion emission spectra of doped KLUW nanocrystals recorded after excitation at the maximum absorption of
YDb® ions at 980 nm in the range of temperatures from 296 to 573 K are shown in Figure 3. Three emission bands are
observed for these samples: a blue emission at 460 — 500 nm that arises from the G, — *Hs Tm?3* transition and the °F3
— 513 Ho® transition, a green emission at 532 — 566nm the arises from the °S,, °F,4, — S5 transitions of Ho%, and a red
emission at 625 -675nm that arises from the ‘G, — 3F, Tm** transition and the °F; — °I; Ho®* transition. The intensity of
all up-conversion bands is changing when increasing the temperature.

199



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION

Oleksandr Savchuk
Chapter 4 Luminescence nanothermometry in the visible: I1. New materials
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Figure 3. Up-conversion emission spectra of 1.5 at. % Ho, 1 at. % Yb, 1 at. % doped KLuW nanocrystals at the range of
temperature 303-573 K, excited with 980 nm.

It is well known that for an ensemble of ions doped in a host material, the fluorescence levels depend on a number of
parameters, such as the host material, the particular energy level of interest, the dimensions of the doped material and
the excitation method employed. Thermally induced changes in the emission intensity usually arise from the temperature
dependence of the non-radiative rates of the ions. The temperature dependent ratio of emissions from different energy
levels may provide a method for measuring the temperature.

We focused on the up-conversion emission which results from the thermally coupled energy levels, and that involve the
1G4 — %F, transition at 648 nm from Tm® and the °F; — °I; transition at 661 nm from Ho®'. The intensity ratio as a
function of temperature for these transitions can be seen in Figure 4(a).

We also focused on the 5S,, °F,4, — °Ig transitions of Ho®*, located at 539 and 549 nm, respectively that are also coupled
thermally. The intensity ratio as a function of absolute temperature for these transitions is plotted in Figure 4(b).

b 1.054
@,,] . )
1.004

1.05

°
&
L

8
l
°
8
I

°
&
1

Intensity ratio
°
f

Intensity ratio

0904

°
8
\

0854

°
it

T T T T T T ! T T T T T T
300 350 400 450 500 550 600 300 350 400 450 500 550 600

Temperature (K) Temperature (K)
Figure 4. Intensity ratio as a function of absolute temperature of (a) Tm®* 1G4 — 3F4 (648 nm) and Ho®* transition 5F3 — 517 (661 nm); and
(b) Ho®* transitions %F, °S, — %I (539 and 549 nm).

It can be clearly seen in Figure 4 that the intensity ratio decreases when the temperature increased. Experimental data
from fluorescence ratio between the 661 nm peak and the 648 nm peak could be fitted to the exponential equation like:

Intensity- ratio = 0.67-exp(142/ T) @)
For the 539 and 549 nm peaks, FIR could be fitted to a exponential equation like:

Intensity- ratio = 0.6exp(165/ T) @

With these equations sensitivity as a function of absolute temperature was calculated and it is presented in Figure 5. The
maximum of sensitivity in both cases was observed at room temperature, and corresponded to a value of 0.0017 and
0.0019 K%, respectively. These values, although being of the same order of those reported for Er®* [8-9], are almost half
of the values that can be obtained in the Er®*-Yb®" systems.
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Figure 5. Sensitivity of the intensity ratio calculated for (a) lss1/lss and (b) Isao/lsag as a function of temperature.

However, the doped KLuW nanocrystals present an alternative scheme of excitation, that is pumping directly to Tm3* at
808 nm. Luminescence spectra of these nanoparticles in the rage of the temperatures 295-523 K after excitation at 808
nm are shown in Figure 6. We observed again three principal luminescence bands, which can be identified again as
those corresponding to the G, — Hs Tm3* transition and the 5F3 — °Is Ho®* transition (460 — 500 nm); the 5S,, °F, — Slg
Ho® transitions (518 — 557 nm); and the °Fs — °Ig Ho®* transition and the G, — *F, Tm®" transition (645 — 720 nm). At
elevated temperatures, electrons on the °S,, °F, levels could be excited thermally into upper level of the G, level, giving
rise to the thermal population of the G, level. The change of intensity of the green emission (518 — 557 nm) with
temperature is rather small compared to that of the red emission (645 — 720 nm), that is observed to increase when the
temperature increased. Thus, we used the variation of intensity of these two bands to calculate the intensity ratio for
temperature determination.

450 500 550 600 650 700
Wavelength, nm

Figure 6. Up-conversion emission spectra of (Ho, Tm, Yb):KLuW nanocrystals in the range of temperatures 295-523 K after excitation at
808 nm.

Figure 7 shows the intensity ratio obtained by comparing the intensity of the green and red emission bands, using the
peaks located at 545 and 687 nm, respectively. As opposite to the previous case, the ratio between the intensity of these
peaks increase exponentially with temperature. However, and more interestingly, the data included in Figure 7(b)
indicate that the doped KLuW nanocrystals can be used as nanothermometers for biological applications since they
present an almost linear response in biological range of temperatures.
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Figure 7. Intensity ratio of les7/ls45 as a function of absolute temperature in the (a) 295 — 523 K range and (b) in the biological range of
temperatures 295 — 323 K.

The sensitivity of the intensity ratio for the doped KLuW nanocrystals after excitation at 808 nm is shown in Figure 8. In
that case the maximum sensitivity is three orders of magnitude higher when compared to the nanoparticles excited at
980 nm excitation.
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Figure 8. Sensitivity of the intensity ratio calculated for les7/Isss as a function of temperature.

4. CONCLUSION

In conclusion, triply doped (Ho, Tm, Yb):KLuW nanocrystals have been prepared and their up-conversion emission
dependence with temperature have been studied for two different excitation wavelengths. The intensity ratio between
two emission lines was used for analyzing optical thermometry. In the case of excitation at 808 nm, the nanoparticles
exhibited a higher temperature sensitivity as compared with excitation at 980 nm. The results indicates that (Ho, Tm,
Yb):KLuW nanocrystals are promising candidate for applications as biological temperature sensors after excitation at
808 nm.
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ABSTRACT

We report the synthesis of Er,Yb:NaYF, nanoparticles by a microwave-assisted solvothermal method. By tuning the
basic parameters of the synthesis procedure, such as the time and temperature of reaction and the concentration of
ethanol and water, the size and the crystalline phase of the nanoparticles could be controlled, getting the right conditions
to obtain 100 % of the B hexagonal phase, the most efficient spectroscopically. Moreover, we analysed the evolution of
the upconversion emission spectra of the synthesized nanoparticles for their use in luminescence thermometry. We
observed that the thermal sensitivity that can be achieved is a function of the size of the nanoparticles and the crystalline
phase in which they crystallize. Finally, we proved their practical application by mapping the temperature distribution
generated by graphene in a glass slide cover after illumination at 808 nm, achieving a thermal resolution of 0.1 K, the
highest reported up to now for these luminescent nanoparticles. We believe that, with the suitable changes, these

nanoparticles might be used to map temperature gradients in living cells in the future with the same thermal resolution.

1. Introduction

Temperature is today recognized as one of the basic variables in science. Many
industrial and scientific processes as well as others in everyday life, from cooking food to
producing complicated materials, depend on temperature.® With the development of
nanotechnology, determination of the temperature of a given system with submicrometric spatial
resolution became possible. This has led to the development of a new subfield of thermometry,
named nanothermometry, which concerned with the science of temperature measurement at the
nanoscale level.2

Luminescence thermometry is considered to be one of the most promising non-contact
techniques for temperature determination at the sub-micrometer and nanometer scale due to its
very high spatial, thermal and temporal resolutions, large measurement ranges and acceptable

costs.> 4 A large number of materials have been studied for luminescence nanothermometry
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applications, including quantum dots,>8 organic dyes,®'? gold nanoparticles,** 4 polymerst>-*’
and lanthanide doped materials.!8-24

Also, the different measurement techniques used in luminescence nanothermometry,
and based on the changes in radiative lifetimes, intensity variations, spectral position shifting
and broadening of emission lines induced by temperature have been proved to be potential tools
for temperature determination even in biosystems.?>?

However, a kind of materials emerged among others for their interesting advantages for
luminescent nanothermometry, as are the Ln3*-doped upconversion nanoparticles (Ln3*-
UCNPs). These kind of materials absorb light in the near-infrared (NIR) region of the
electromagnetic spectrum, while emit light in the visible range.?® Pumping in the NIR allows
overcoming problems related to background fluorescence arising from biological tissues and the
potential damage that ultraviolet (UV) light can generate in them.?® Moreover, the NIR lasers
used to excite those UCNPs are cheaper and more powerful than UV lasers. Finally, the use of
NIR radiation also preserves the operative lifetime of the phosphors used, in comparison with
those illuminated with UV light, that are damaged usually by this radiation, shortening their
operational lifetimes.*

Er®* is the most used lanthanide ion for luminescence thermometry purposes in UCNPs
because of its intense green emission that consist of two luminescence bands centered at 520
and 540 nm and assigned to the 2Hiip—*lisp, *Ss—*lis2 radiative transitions, respectively.
These two energy levels, from which the emission arises (?H112 and “Ss2), are thermally coupled
and, thus, the relative emissions of these two luminescence bands show strong temperature
dependence.?>?” Among the potential crystalline matrices that can host this ion hexagonal B-
NaYFs, with space group P6s/m, emerges as the most promising one, since it is considered the
most efficient material for NIR to green upconversion.: %2 Vetrone et al. have shown that Er¥",
Yb% co-doped NaYF; nanoparticles can be successfully used as an intracellular
nanothermometer. They internalized Er®*, Yb%* co-doped NaYF4 nanoparticles in the Hela cells
and measured the temperature change induced by a heating plate on an individual cell through
the temperature dependence of the fluorescence intensity ratio of the emission lines centered at
525 and 545 nm, up to its thermally induced death.% Fischer et al. also used these nanoparticles
in their studies to sense temperature in human embryo kidney cells. In that case, they
determined temperature from the ratiometric temperature dependence of the red to green bands
generated by these nanoparticles.?®

NaYF, can crystallize in two polymorphic phases: a-NaYF, with Fm3m space group

and hexagonal B-NaYFs with P 65/m space group.®! High reaction temperatures and long
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reaction times can induce the phase transformation from the metastable o phase to the
thermodynamically stable B phase.®® Thus, the synthesis of NaYF, phosphors has been
extensively studied, especially to explore the best conditions to obtain pure 3 phase with a high
production yield. The most common synthesis procedures to synthesize NaYF, are the
hydro/solvothermal methods using a conventional autoclave, which allow obtaining highly
crystalline material at relatively low temperatures.?: 34 3% Also, the thermal decomposition
method was successfully developed to synthesize hexagonal Er,Yb;NaYF4 nanoparticles with
different morphologies and sizes.%® 3" However, the main drawbacks of this method are the use
of expensive precursors and the complex synthesis procedure. The co-precipitation method has
been also used for the synthesis of NaYF, nanoparticles with a narrow size distribution.3: 3°
However, it requires performing a post-growth annealing process to obtain the hexagonal phase.

Microwave-assisted hydrothermal synthesis emerged as an efficient method for the
synthesis of monodispersed and highly luminescent NaYF, nanoparticles,*° since it allows for a
fast and uniform heating in a eco-friendly and energy-efficient way. However, up to now poor
yields,*® mixtures of o and B phases,* microtubes,*>*3 nanowires,* and micron-size particles,*
have been obtained using microwave assisted procedures.

Here, we report the synthesis of Er,Yb:NaYF,s nanoparticles by a microwave-assisted
solvothermal method which allowed us to obtain these nanoparticles in short times and at low
temperatures. Furthermore, by tuning the basic parameters of the synthesis process such as
temperature and time of the reaction, we succeeded in obtaining nanoparticles with different
sizes and also to isolate different crystalline phases, getting the right conditions to obtain 100 %
pure B-NaYF4 phase with a production yield ranging from 64 to 98 %. We also analyzed the
temperature dependence of the luminescence of these nanoparticles. Nanoparticles with bigger
sizes belonging to the hexagonal B phase showed higher relative sensitivity than those with
smaller sizes or those belonging to the cubic a phase. Finally, we showed that these
nanoparticles can be used to map the temperature distribution generated by the laser-induced

heating in graphene through a glass cover slide, with a thermal resolution of 0.1 K.

2. Experimental techniques
2.1 Synthesis of Er,Yb:NaYF4nanoparticles

Yb (20 mol. %), Er (2 mol. %) co-doped NaYF, nanoparticles were synthesized by a
microwave-assisted solvothermal method. High purity Y»0s, YbyOs, and Er,Os, analytical

reagents, thrisodium citrate (NasCe¢HsO7), sodium fluoride (NaF) and ammonium fluoride
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(NH4F) were used as raw materials. RE(NOs); (RE =Y, Yb, Er) were prepared by dissolving the
corresponding RE2O3 in 10 ml of hot nitric acid (HNO3). After the evaporation of nitric acid,
15-65.5 ml of ethanol (depending on the experiment) in which 8.1 — 24.7 g of thrisodium citrate
(depending on the experiment) were dissolved, were added and stirred during 60 min. In another
vessel, 0.08 — 0.36 g of NaF and 0.45 — 3.62 g of NaHsF were dissolved in 7.5-60 ml of hot
water, depending on the experiment. Then, the two solutions were mixed together. After
vigorous stirring for 2 h, the solution was transferred to a Teflon reactor with a volume of 75 ml,
and placed into a Milestone ETHOS-TOUCH CONTROL laboratory microwave autoclave
equipped with a temperature controller, where it was maintained at a temperature between 393
and 453 K under stirring during a period of time ranging from 3 to 6 h, depending on the
experiment. Finally, the solution was cooled down naturally, and the precipitated nanoparticles
were washed with ethanol and deionized water three times. Table 1 summarizes the synthesis
conditions for the different experiments we performed.

Table 1. Synthesis conditions and main characteristics of the Er,Yb:NaYF, nanoparticles obtained by the microwave-

assisted solvothermal method.

Temperature Time [Ethanol]/[Water] Crystalline Crystallite size Shape Production
(K) (h) (Volume %) phase (nm) yield
(%)
70/30 63 long rods 77
60/40 B 74 long rods 67
453 6 50/50 55 long rods 67
40/60 68 long rods 67
30/70 atp 48 long rods 65
20/80 42 short rods 64
90/10 ] 52 spheres 98
80/20 58 spheres 97
70/30 29 irregular 97
453 3 60/40 40 spheres + 96
short rods
50/50 26 irregular 86
40/60 28 irregular 71
90/10 o 22 spheres 98
80/20 B 128 spheres 97
70/30 60 short rods 98
423 3 60/40 57 short rods 98
50/50 37 short rods 75
40/60 65 short rods 69
80/20 ] 62 short rods 98
70/30 55 short rods 98
393 3 60/40 72 short rods 97
50/50 72 short rods 81
40/60 58 short rods 64

2.2 Structural and morphological characterization

The crystalline structure of the obtained Er,Yb:NaYF, nanoparticles was investigated
by means of X-ray powder diffraction analysis using a Bruker-AXS D8-Discover diffractometer
using Cu Ko radiation. Crystallite size was calculated with the data corresponding to the all the

reflections in the diffraction pattern using the Scherrer equation.
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The morphology of the Er,Yb:NaYF, nanoparticles obtained by the microwave-assisted
solvothermal method was investigated by using an environmental scanning electron microscope
(ESEM) FEI Quanta 600 and a transmission electron microscope (TEM) JEOL 1011.

2.3 Temperature-dependent luminescence measurements

For temperature dependent luminescence measurements, the Er,Yb:NaYF,
nanoparticles were placed in a Linkam THMS 600 heating stage equipped with a BN disk that
allowed an improved temperature distribution in the chamber. The nanoparticles were excited
by a fiber-coupled diode laser at 980 nm wavelength with a power of 50 mW. The laser beam
was focused on the sample by a 40 X microscope objective with numerical aperture N.A. = 0.6
providing a spot size of around 20 um on the sample. The NPs visible emission was collected by
the same microscope objective, and after passing a dichroic filter to eliminate the excitation
radiation was fiber coupled to an AVANTES AVS-USB2000 spectrometer for analyzing the
emission spectra. Spectra were recorded at temperatures between RT and 333 K.

2.4 Thermal mapping of heat transfer through a graphene-coated glass

100 pl of a graphene solution in dymethylformamide (DMF) with a concentration of 1
mg ml* were deposited on a microscope slide cover glass with a thickness of 100 um. The
solvent was evaporated letting it dry at 353 K. On the other side of the same microscope slide
cover glass 100 pl of a dispersion of the Er,Yb:NaYF, nanoparticles in ethanol with a
concentration of 10 mg ml* was deposited. A fiber-coupled diode laser emitting at 808 nm was
focused on the graphene-coated cover glass using a 60 X microscope objective (N. A. = 0.7),
generating a beam with a diameter of 9 um on the sample. Graphene efficiently absorbs the 808
nm laser light and converts it into heat.*® Temperature than was determined through the analysis

of the upconversion emission spectra of Er,Yb:NaYF4 nanoparticles.

3. Results and discussion
3.1 Microwave-assisted solvothermal synthesis of Er,Yb:NaYF4 nanoparticles
Er,Yb:NaYF4 nanoparticles were synthesized by the microwave-assisted solvothermal
method. Compared to the conventional heating hydrothermal methods, microwave heating is a

greener approach to synthesize materials, since it allows shortening the reaction time, reducing
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the reaction temperature or time and thus, lowering the energy consumption.’-*% By changing
the reaction temperature, the reaction time and the ethanol and water volumes we obtained
nanoparticles with different sizes and crystallizing in different crystalline phases, as observed in
Table 1, getting the conditions to obtained pure a- and B-NaYF, nanoparticles.

In the case of nanoparticles synthesized at 453 K for 6 h, the pure B-NaYF4 phase was
obtained for solutions containing ethanol concentrations between 40-70 %, while a mixture of o
and B phases (a phase with lower concentration than B phase) were obtained in solutions
containing lower ethanol concentrations. These solutions containing lower ethanol
concentrations were avoided in the rest of the experiments. When the reaction time was reduced
to 3 h, while keeping the reaction temperature at 453 K, the pure B phase was obtained for the
solutions analyzed. However, when the temperature was reduced to 423 K, the pure a phase was
obtained for the solution containing 90 % ethanol and 10 % water, while for the rest of the
solutions, the pure  phase was obtained. Thus, this solution composition was avoided in the last
experiment, in which the temperature was still reduced to 393 K, while the reaction time was
kept at 3 h. Under these conditions, again the pure B phase was obtained for all the solutions
analyzed. Thus, by controlling the synthesis parameters, we have been able to obtain pure a- and
B-NaYFs nanoparticles, avoiding the presence of mixtures of both phases. Also, since the
phase is more interesting for spectroscopic applications due to the higher emission intensity that
can be achieved with nanoparticles crystallizing in this phase for up-conversion applications, we
focused our efforts in maximizing the production of this  phase.

The yields of production in all cases were high in all cases, of the order of 76%, which
allowed us obtaining 0.76 g of Er,Yb:NaYF4 nanoparticles in each batch.

The crystallite size of these nanoparticles was calculated using the Scherrer equation.>
The results are listed in Table 1. Comparing the crystallite size of the nanoparticles obtained
from solutions containing the same ethanol concentrations at different temperatures and reaction
times, we observed that the smallest crystallite sizes were obtained for the nanoparticles
synthesized at 453 K for 3 h, while, even when the temperature was reduced to 423 or 393 K,
the crystallite size increased again. By comparing the crystallite size of nanoparticles obtained at
the same temperature and reaction time but in solutions containing different ethanol
concentrations, it seems that there is a tendency to obtain smaller crystallite sizes as the ethanol
content is reduced, although there exist several exceptions. Thus, a clear conclusion about this

point could not be extracted.
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If we take a look at the shape of the nanoparticles obtained, we observed that at low
synthesis temperatures we obtained short rods, but as the temperature increases these rods tend
to transform towards more irregular or spherical shapes. However, the surfaces of these
nanoparticles are not smooth, indicating that probably they are formed by the agglomeration of
the smaller short rod units. Also, when the reaction time was increased from 3 h to 6 h, sub-
micrometric size particles were obtained exhibiting a long rod shape. Finally, comparing the
shape of the nanoparticles obtained using different ethanol concentrations, we observed that as
the ethanol concentration increased, the nanoparticles tend to show more irregular, spherical or
long rod shapes, depending on the synthesis temperature and reaction time used.

As explained in the Introduction to this article, microwave-assisted hydrothermal
methods have been previously used for the synthesis of NaYF4 phosphors. Wang and Nann used
sodium trifluoroacetate (TFA), yttrium-TFA, ytterbium-TFA and erbium-TFA as initial reagents
dissolved in oleic acid and 1-octadecene to obtain NaYF4 nanocrystals through a microwave-
assisted process at 563 K for 5 min at 300 W, and they obtained cubic a-NaYFs with very small
sizes (11 nm in diameter) with a poor yield.*® Chen et al.*? used NaF, NH4HF,, and Y, Yb and
Tm nitrates as initial reagents dissolved in water to obtain NaYF,, adjusting the pH with HF,
and heating the solution at 453 K for 4 h in a microwave synthesizer. They obtained B-NaYF,
microtubes, 0.5 um in diameter and 2-3 um long. Similar microtubes were obtained by Ling et
al.*® using a similar methodology. Later, Mi et al.*! used rare earth acetates as rare earth
precursors and NH4F and NaCl as the fluorine and sodium sources, respectively, dissolved in a
mixture of water and ethylene glycol, and treated thermally in a microwave autoclave at 433 K
for 1 h. Under these conditions they obtained a mixture of o and B phases with average sizes
about 40 nm. More recently, Wawrzyncyk et al.** using a microwave flash-heating method
obtained NaYF, nanowires 1.5 mm long and 100 nm wide. From another side, Som et al.®
prepared Er,Yb:NaYF4 phosphors using rare earth nitrates, NaF dissolved in water and adding
ethylenediamine tetra acetic acid (EDTA) as chelating agent, adjusting the pH of the solution
with NaOH in a microwave digestion unit at 453 K for different time periods extending from 10
min to 2 h, operating at a frequency of 2.45 GHz and a power of 400 W. The samples obtained
at shorter times crystallized in the a metastable phase with small amounts of YF3, indicating the
incompletion of the reaction. For intermediate time they obtained mixtures of the a and B
phases, while the samples obtained at longer times exhibited pure B-NaYFs phase with a
hexagonal prism shape with a mean diameter of 1.0 um and a length of 5.5 pm.

Thus, comparing these results previously reported with the ones we obtained and that

are presented in this article, we can conclude that the developed microwave-assisted
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solvothermal method allows obtaining pure B-NaYF. nanoparticles with smaller size and at
lower temperatures and time than other microwave-assisted hydrothermal methods reported in
the literature. Also, we avoided the appearance of microtubes or nanowires, the production of
which have been also reported using microwave-assisted hydrothermal methods.*> 4
Furthermore, the synthesis procedure we presented here avoid the use of organic ligands like
oleic acid* or EDTA,* which are difficult to eliminate at the end of the reaction. Regarding to
the production yields, with our new synthesis procedure, the production yields obtained ranged
from 64 % to 98 %, as can be seen in Table 1. The production yields are higher for the samples
prepared in solutions containing a higher ethanol concentration, and they do not seem to depend
on the synthesis temperature. However, as the reaction time increased, the production yields
decreased, which would indicate that the products formed tend to dissolve again with a long
exposure to the solution. Thus, the methodology presented here shows several advantages over
the technologies previously reported in the literature, such as the use of lower temperatures, the
production of pure o and B phases, avoiding mixtures of both phases, or the use of cheaper
solvents avoiding organic ligands that have to be removed at the end of the synthesis process.
Furthermore, the nanoparticles obtained are dispersible in water and biological compatible fluids
as synthesized, without any post-growth treatment.

From all the experiments, we selected three representative sets of nanoparticles: NP1,
synthesized at 453 K during 6 h with an ethanol/water volume ratio 70/30; NP2, synthesized at
453 K during 3 h with an ethanol/water volume ratio 80/20 and NP3, synthesized at 423 K
during 3 h with an ethanol/water volume ratio 90/10. An ESEM image of NP1 nanoparticles is
shown in Figure la. They have a prismatic shape with a hexagonal base with average sizes 300
nm in diameter and 600 nm long. This is the morphology we labelled as long rods in Table 1.
Instead, samples NP2 and NP3 show nanoparticles with an almost circular shape with average
sizes of 50-70 and 20 nm, respectively, as observed from the TEM pictures shown Figures 1b
and c. They correspond to the morphologies labeled as irregular and spherical, respectively, in
Table 1. The sizes of the nanoparticles corresponding to NP2 and NP3 samples, determined
from the TEM pictures, matches well with the crystallite sizes determined using the Scherrer
equation. In the case of NP1 sample, however, a large discrepancy was observed. This can be
due to the fact that the size of these sub-micrometer particles is at the limit of the validity range
for size determination using this equation, established at around 500 nm.5! Figure 1d shows the
X-ray diffraction (XRD) patterns recorded for these samples. We observed that samples NP1
and NP2 crystallize in the hexagonal system, with space group P6s/m corresponding to the j-

NaYF, phase, as confirmed by comparison with the JCPDS reference pattern 16-334, also
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included in the figure. In contrast, nanoparticles in sample NP3, which were synthesized at a
lower temperature and a shorter time, crystallize in the cubic system, with space group Fm3m
corresponding to the a-NaYFs4 phase, as confirmed by comparison with the JCPDS reference
pattern 39-723, included also in the figure. Additionally, we confirmed that the B-NaYF.
nanoparticles obtained by this procedure were highly crystalline, as confirmed by the SAED
pattern obtained by electron diffraction of one of these nanoparticles included in the inset of

Figure 1 b.

(a) (d)
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16 - 334 |
| | | "
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N 1 1 L 1 ;
20 30 40 50 60
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Figure 1. (a) ESEM image of the NP1 sample. TEM images of (b) NP2 and (c) NP3 samples. (d) X-ray diffraction
patterns of the samples, together with the reference diffraction patterns for a- and 3-NaYF, crystalline phases.

3.2 Temperature-dependent luminescence measurements

The emission spectra of these nanoparticles after excitation at 980 nm are shown in
Figure 2, at room temperature and at 333 K. These spectra consist of two green bands centered
at 520 and 540 nm, assigned to the 2Hii— “lis2 and 4Sgz — *lis2 transitions of the Er®* ion,
respectively. An additional red band was observed at 630-670 nm, assigned to the *Fg;, — *l1s2

transition of Er®*. While this red band shows a lower intensity than the green bands in samples
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NP1 and NP2, it is the main band in sample NP3, associated to the different crystalline phases
of these nanoparticles.

The pathways for generation of these emission lines through an upconversion process
are well known and have been previously used for luminescence thermometric applications.26: 52
53 Excitation at 980 nm promotes electrons of Yb3* from the 2F7;, fundamental state to the 2Fs,
excited state, from where an energy transfer process to Er¥*occurs populating the *l11, energy
level of Er®*. A second energy transfer process from Yh3* promotes the electrons of Er®* from
the #1112 to the *F7; level. Then, the nonradiative relaxation populates the 2Hii2 and Sg, states,
which results in the 2Hi12—*l1s,2 and *Sz, — 11512 radiative decays emitting photons centered at
520 and 540 nm, respectively. The red band observed at 630-680 nm, can be assigned to the
“Foz — “l1sp2 transition of Ers* ion. The “Fg energy level is populated from a second energy
transfer process from Yb3* to Er®* that occurs after a non-radiative relaxation from the *I11/ to
the “l13,2 energy level.

As observed in Figure 2(a), the intensity of the visible emissions decreased when the

temperature increased for all samples.
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Figure 2. (a) Upconversion emission spectra at room and 333 K temperature for NP1, NP2 and NP3 Er,Yb:NaYF,
samples. (b) Normalized FIR as a function of temperature for NP1, NP2 and NP3 samples with the fitting following a

Bolzmann thermal distribution. (c) Absolute thermal sensitivity curve for the NP1, NP2 and NP3 samples.
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The fluorescence intensity ratio (FIR) technique has proven to be an efficient tool to
evaluate the luminescence thermometry properties of the green emissions generated by Er3* in
several materials, including Er,Yb:NaYF4 nanoparticles.?® 52 53 This technique is based on the
comparison of the intensities of two emission bands arising from two closely spaced energy
levels, the “Sz, and 2Hii, levels of Er¥* in this case, whose populations are in thermal
equilibrium governed by a Boltzmann distribution. Figure 2b shows the evolution of the FIR
with temperature. Since the emission peaks considered to calculate the FIR are located very
close to each other and may overlap, we added an offset to the Boltzmann distribution equation
that takes into account this effect, defined as:*

FIR ([520/1540) = Z—j% expi—i + 7:—11 = Aexp§+ c 1)
where Isy and lIs4 are the intensities of the emission bands located at 520 and 540 nm,
respectively, n; defines the fraction of the total fluorescence intensity of the transition
originating from level i (upper level i = 2, lower level i = 1) measured by the detector for the i
level, m; defines the fraction of the total intensity from level i which is measured by the detector
for the other thermalizing level, gi are the degeneracy of levels, x are the spontaneous emission
rates, oi are the absorption rates, AE is the energy difference between the two thermally coupled
energy levels involved in the radiative transitions, k is the Boltzmann constant, T is the
temperature, and 4, Band Care the fitting parameters.

Experimental points for the different samples were fitted to eg. 1, and the obtained
expressions are included in Figure 2b. The nanoparticles that show the highest slope are those
corresponding to sample NP1, indicating that the luminescence intensity showed the maximum
change with temperature for these nanoparticles.

The qualitative performance of these nanoparticles to sense small changes in
temperature was obtained by the calculation of the absolute thermal sensitivity as the first
derivative of FIR with respect to temperature.* The absolute thermal sensitivities of the analyzed
samples are included in Figure 2c. Sample NP1, with nanoparticles showing bigger sizes,
possesses the highest thermal sensitivity with a maximum of 1.39 % K at 333 K. The thermal
sensitivity for the NP2 sample is smaller than that of NP1. This might seem controversial with
the data reported by Dong et al.> since they reported that B-Er,Yb:NaYF, particles with smaller
sizes present a higher thermal sensitivity. However, they analyzed micron-size particles, while
the nanoparticles here presented lay in the sub-micron and nanoscale. Thus, based on the

presented results we can conclude that at the sub-micron and nanoscale, smaller B-Er,Yb:NaYF,4
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nanoparticles would show smaller thermal sensitivities. The thermal sensitivity of the f-
Er,Yb:NaYF4 nanoparticles synthesized by this microwave-assisted solvothermal is similar, or
even slightly higher, than that reported for the same nanoparticles synthesized by other methods,
in the range 0.21-1.24 % K125 26. 52,56, 57 Finally, a-Er,Yb:NaYF4 nanoparticles in sample NP3
showed the smallest thermal sensitivity. This is not surprising since the luminescence efficiency
of this phase has been reported to be smaller than that of the B phase,® however, the thermal

efficiency of this phase for luminescence thermometry had not been reported before.

3.3 Temperature distribution mapping by luminescence thermometry

In order to prove the potentiality of the Er,Yb:NaYF, nanoparticles synthesized through
the microwave-assisted solvothermal method, we used them to map the temperature distribution
generated on a glass coated with graphene when illuminated with a laser beam. Graphene has
been reported to be an excellent photothermal converter.*® To do that, we took a 100 pm thick
microscope slide cover glass and we coated it with graphene flakes on one side, and
Er,Yb:NaYF4 nanoparticles (corresponding to sample NP1) on the other side. Two spatially
overlapped lasers were focused on both sides of the slide cover glass. A fiber-coupled diode
laser emitting at 808 nm with a beam diameter of 9 um was focused on the face of the cover
glass coated with graphene. Graphene efficiently absorbs the 808 nm laser light and converts it
into heat.*® The propagation of the heat generated by graphene to the opposite side of the cover
glass was measured through the spectra generated by the Er,Yb:NaYF, nanoparticles when
excited with a fiber-coupled diode laser emitting at 980 nm with a beam diameter of 10 um and
converted to temperature by using the calibration curve shown in Figure 2b. The details are
explained in the experimental techniques section. The scheme of this experimental setup is
shown in Figure 3a.

First, we measured the temperature that can be achieved in the system when the power
of the 808 nm laser focused on graphene is increased. The results are shown in Figure 3b. We
observed that the temperature increased linearly with the power of the laser. Based on these
results, we decided to fix the power of the laser at 100 mW, which allow achieving a
temperature ~312 K on the opposite side of the glass in order to get a constant heating and
generate a thermal gradient on the surface of the cover glass coated with the Er,Yb:NaYF,
nanoparticles. The 980 nm excitation laser was fixed to a motorized stage that allowed to scan
the sample below microscope setup, and we recorded the spectra of the Er,Yb:NaYF,
nanoparticles every 50 pm. Each spectrum recording took around 60 s, and the total scan

duration was of 1 h. Figure 3c shows the temperature profile achieved on the opposite side of
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the glass cover slide from the heating spot (corresponding to the 0 position) to the external part
of the glass along the horizontal direction. The temperature decreased slowly from the center of
the heating spot to the external part of the cover glass, dropping down from 313.0 K to 300.5 K.
We were able to detect temperature changes as small as 0.1 K, the smallest reported up to now,
to the best of our knowledge, for this kind of nanoparticles.

To contrast these results, the temperature distribution on the glass substrate was
numerically analyzed by a finite element method (FEM) based on the commercial software
COMSOL Multiphysics. The simulation was performed in a three-dimensional (3D) geometry
using the heat transfer model for a steady-state study.*® To model the experiment, computational
domains were defined with two attached blocks which represent the glass substrate and the
deposited graphene layer. The glass block used had an area of 10x10 mm?, and a height of 100
um. The graphene block was constructed with an area of 10x10 mm?, and a height of 1 um,
based on the estimations of the deposition technique. In order to assign the laser beam as a heat
source, a cylindrical domain (9 pum diameter, 1 um height) was additionally created in the
middle of the graphene domain corresponding to the waist of the pumping laser.

A triangular mesh was defined with a well-refined size (minimum 1 pm) within the
small domain (the cylindrical heat source domain) and coarse size (maximum 1 mm) within the
big domains (glass and graphene domain).

To solve the heat transfer problem in the stationary state, the following thermal
conductivity values of the materials were assigned to the corresponding domains: k = 3100 W
m?* K for graphene,® and k = 1.38 W m? K for the silica glass.®® The heat source was
introduced to the cylindrical graphene domain with an overall heat transfer rate of 100 mW. The
boundary condition was specified with a convective heat flux in all the boundaries in which a
convection coefficient (h) was determined from the best fit to the measured temperature
distribution. The value of h obtained was 80 W/m?K, which is reasonable for the natural
convection conditions taking place in the experiment.

Figure 3 (c) shows the heat gradient on the glass within the approximate range of 300 K
and 314 K, which is closely matched with the experimental result. However, the exponential
decay of the heat gradient shown in the simulated graph was not clearly observed in the
experiment. This could be due to the non-homogeneity of the deposited graphene layer and its
poor bonding quality with the glass slide which are critical in the heat transfer problem, while
these factors were idealized in the simulation. Additionally, the material coefficients taken from

the literature might not precisely correspond to those of the real sample. In the model, the
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thermal conductivity of graphene was assumed to be isotropic whereas this might have an
anisotropic behavior, for instance.
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Figure 3. (a) Scheme of the setup used to map the temperature distribution generated by graphene when illuminated with
a 808 nm laser on a microscope slide cover glass. (b) Temperature achieved on the surface of the graphene-coated glass

as a function of the power of the irradiating laser at 808 nm. (c) Temperature distribution generated by graphene on the

slide cover glass determined from the luminescence spectra of the Er,Yb:NaYF, nanoparticles and comparison with the
temperature distribution calculated from a heat transfer model in a 3D geometry. 2D contour map generated from the

heat transfer of (d) experimental (e) simulation data.

We believe that, by internalizing these luminescent nanoparticles on living cells as

previously reported in the literature,?5-” with the required suitable chemical functionalization of
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their surfaces as prior steps, thermal contour maps would also be obtained by in vitro procedures

with the same thermal sensitivity, illustrating the internal temperature gradients in the cells.

4. Conclusion

In summary, we synthesized Er,Yb:NaYF. nanoparticles by a microwave-assisted
solvothermal method at lower temperatures and reaction times than previously reported methods
using conventional heating devices or even microwave-assisted hydrothermal methods.
Furthermore, this synthesis method allowed to produce a- and B-Er,Yb:NaYFs separately,
avoiding the production of mixtures and avoiding also the use of organic solvents and ligands
not miscible with water or difficult to eliminate after the reaction. An additional advantage of
this synthesis method is that the produced nanoparticles are hydrophilic and can be dispersed in
water or other biological compatible fluids without requiring any post-growth chemical

functionalization procedure.

We analyzed the temperature dependent upconversion emission of these nanoparticles
for their use as luminescent nanothermometers. We observed that nanoparticles with bigger
sizes posses higher thermal sensitivity. Their thermal sensing capabilities were proved to
determine the temperature distribution induced by the heating generated by a graphene layer
deposited on a microscope slide cover glass when illuminated with a laser emitting at 808 nm,
obtaining a thermal resolution of 0.1 K. With this experiment we wanted to show that these
nanoparticles can be used to monitor the temperature increase generated by graphene and
derivatives when illuminated with a laser, one of the most promising techniques now a days for
tumor treatment by hyperthermia. We believe that by using the suitable chemical
functionalization steps, these nanoparticles can be internalized in living cells to visualize
internal temperature distribution maps in them through in vitro procedures with the same

thermal resolution.
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Abstract

We studied the temperature dependent luminescence of GdVO4 nanoparticles co-doped with
Er** (1 mol%) and Yb*" (20 mol%) and determined their thermal sensing properties through the
fluorescence intensity ratio (FIR) technique. We also analyzed how a silica coating, in a core-
shell structure, affects the temperature sensing properties of this material. Spectra were recorded
in the range of biological temperatures (298—343 K). The absolute sensitivity for temperature
determination calculated for the core-shell nanoparticles is double than the one calculated for
bare nanoparticles, achieving a thermal resolution of 0.4 K. Moreover, silica-coated

nanoparticles show good dispersibility in different solvents, such as water, DMSO and

229


mailto:joanjosep.carvajal@urv.cat

UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 4 Luminescence nanothermometry in the visible: II. New materials

methanol. Also, they show good luminescence stability without interactions with solvent
molecules. Furthermore, we also observed that the silica coating shell prevents from a
progressive heating of the nanoparticles during prolonged excitations periods with the 980 nm

laser, preventing effects on their thermometric applications.

KEYWORDS: luminescence, thermometry, core-shell, up-conversion, nanosensors.

1. Introduction

Temperature is the most frequently measured physical property in science, industries and life.
Many properties of matter depend on temperature, thus, it is important to monitor it during
material processing for controlling the quality of the final products as well as in biomedical
areas, where temperature provides basic diagnostic criteria.!?

To overcome the problems evidenced in conventional contact thermometry methods
(invasiveness and big sizes), non-contact thermometry methods have been developed.®* Among
these  methods, luminescence nanothermometry, and particularly luminescence
nanothermometry based on measurements of the fluorescence intensity ratio (FIR) is
particularly interesting, since it can prevent errors in measurements arising from power
fluctuations of the excitation source, variations on the concentration of luminescent
nanoparticles and inhomogenities of the material.> The FIR method is based in the Boltzmann
distribution of electrons between two adjacent emitting energy levels, that depends on
temperature, and is manifested as a temperature-dependent intensity ratio between the emissions
arising from two distinct lines in the spectrum. Furthermore, the FIR technique constitutes a
self-referencing method to compute the absolute temperature, since one spectrum contains all

the information needed, avoiding the use of an internal reference.?
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Trivalent lanthanide (Ln)-doped nanoparticles (NPs) are among the most promising
candidates for temperature determination through luminescence thermometry. Optically active
Ln cations show several narrow absorption and emission lines, some of them from excited states
lying very close in energy that can be considered to be thermally coupled. They also show
relatively long emission lifetimes, and good chemical and physical stability.*

Most of the work developed up to now on ratiometric luminescence nanothermometry by the
FIR technique was performed using Er*" doped”!! and Er**/Yb*" co-doped materials.®!!!® Er**
shows an efficient green up-conversion emission from two thermally coupled excited states,
2Hy 12 and *S32, upon NIR excitation at 980 nm. Yb3' is used as a sensitizer since it shows a
higher absorption cross-section at this wavelength. Furthermore, the energy transfer between
Yb** and Er*" is very efficient. This allows generating a bright emission in the visible, especially
in the green. Er¥'/Yb*" co-doped NPs have been used, for instance, to show the temperature
evolution of cancer HeLa cells up to its thermally induced death’ or to determine the
temperature in human embryo kidney cells."

Despite the significant progress achieved in recent years on luminescence thermometry using
Ln-doped NPs, there are still several aspects that need to be improved, such as sensitivity to
determine smaller temperature changes. For instance, it was demonstrated that the combination
of Ln-doped NPs with a thermosensitive polymer can enhance this thermal sensitivity.2’ Also,
the sensitivity and the temperature sensing range can be tuned in organic-inorganic complexes
based on Ln ions just by changing the chelate ligands on the Ln-complexes or the host in which
the luminescent centers were embedded.?!

The benefits of core-shell structures to enhance the emission properties of up-conversion
nanoparticles has already been reported.?? Here, we report the enhancement of the luminescence
temperature sensitivity in Er,Yb:GdVO,4 nanoparticles coated with a silica shell that allowed to
get a thermal resolution of 0.4 K. Furthermore, we probed that the as-synthesized

Er,Yb:GdVO4@SiO; core-shell nanoparticles are dispersible in biological compatible fluids that
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facilitate their potential biological applications. Finally, we also observed that the silica shell
prevents the heating of the luminescent nanoparticles when excited for prolonged periods at 980

nm.

2. Experimental Section
2.1 Synthesis of luminescent nanoparticles.

Crystalline NPs of GdV O, codoped with Er®* (1 mol%) and Yb®* (20 mol%) were prepared
by a hydrothermal process. Details of the synthesis can be found elsewere.?® Shortly, NH;VO3
and lanthanide nitrates (Gd(NOs3)3-6H20, Yb(NO3)s-6H20, Er(NOs)s-6H.O (Strem Chemicals
99.99%) were used as reactants. The first step involved the preparation of a solution with the
required amounts of lanthanide nitrates and NH4VOgs in distilled water (40 ml), in which the pH
was adjusted to 7 by adding diluted NHsOH under stirring during 1 h. The yellow dispersion
was afterwards hydrothermally treated at 458 K during 24 h in a sealed Teflon-lined autoclave
with a capacity of 75 ml. The product obtained was separated by centrifugation, washed several
times with distilled water and overnight dried at 393 K in open air.

To improve their emission efficiency, the samples were then annealed to 873 K for 5 h.
Further coating of the NPs surface with a layer of silica (SiO2) (Er,Yb:GdVO.@SiOz) was
carried out through the base-catalyzed hydrolysis of tetraetoxysilane (Si(OC;Hs)4, TEQS, Alfa
Aesar 99%) and the subsequent condensation of silanol (Si-OH) groups onto the surface of the
Er,Yb:GdVO. NPs. To do that, a half of the prepared amount of NPs was dispersed in an
ethanolic solution (40 ml ethanol absolute 99.5% Emplura Merck + 4 ml distilled water) in
which the pH was adjusted to 9 with diluted NH4OH, and then 2 ml of TEOS were added and
kept under stirring for 4 h. The product was finally washed with ethanol, centrifuged and dried

to 393 K.
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2.2 Structural characterization and particle size determination.

1 mol% Er, 20 mol% Yb:GdVO, and 1 mol% Er, 20 mol% Yb:GdVO.,@SiO, NPs were
characterized by powder X-ray diffraction (XRD) using a Bruker AXS D-8 Advance
diffractometer with Cu Ko radiation. Transmission electron microscopy (TEM) images were
obtained with a JEOL 2000FXII microscope with an accelerating voltage of 200 kV. High
resolution TEM (HRTEM) and selected area electron diffraction (SAED) images were obtained
with a JEOL model JEM-4000EX microscope, with an accelerating voltage of 400 kV.
Hydrodynamic particle size distributions were measured by dynamic light scattering (DLS)
using a Vasco 2-Cordouan equipment, with samples dispersed in distilled water. Fourier
transform infrared absorption (FT-IR) data were collected on a Nicolet 20SXC
spectrophotometer in the range 4000 — 400 cm™!, using KBr to prepare pellets of the analyzed

materials.

2.3 Spectroscopic characterization

For the analysis of the temperature dependent up-conversion emission, Er,Yb:GdVO4 and
Er,Yb:GdVO4@SiO, NPs were introduced in a heating stage Linkam THMS 600 that was
placed in a homemade microscope setup. An Apollo Instruments Inc diode laser with emission
at 980 nm and a power of 100 mW was used as the excitation source. The laser beam was
focused on the sample using a microscope objective with 40X magnification and N.A. of 0.6
that produced a laser spot of around 10 um on the sample. The emission was collected by the
same microscope objective, and after passing a dichroic filter to eliminate the excitation
radiation, was collected by an AVANTES AVS-USB2000 fiberoptic spectrometer connected to

a computer to record the spectra.
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Spectra were also collected using a Labsphere 4GPS-020-SL integrating sphere to compare
the intensity of the spectra generated by the different samples, using the same fiberoptic

spectrometer described above to record the spectra.

3. Results and Discussion
3.1 Structural characterization

The XRD pattern of the raw 1% Er, 20% Yb:GdVO4 nanoparticles corresponds to the pure
tetragonal /41/amd zircon-type phase (see Figure 1). By using the Scherrer’s equation, the mean
individual crystalline domains (also called ‘crystallites’) calculated from the full width at half
maximum (FWHM) of the Bragg peak located at ~25 ° 20 is ~25 nm, see Figure 1(b). No
additional reflections were detected for 1% Er, 20% Yb:GdVO4@SiO; core-shell nanoparticles,
see Figure 1(c), although the somewhat rougher background reflects the presence of amorphous
SiO,. The XRD pattern of NPs coated with thicker silica shells (not included in the current
study) revealed that the roughness of the background at 18-32° 20 was, as expected,
considerably accentuated, see Figures S1(a-c) included in the Supplementary Information.

Figures 1(d) and 1(f) display typical TEM images of Er,Yb:GdVO4 and Er,Yb:GdVO4@SiO>
NPs, respectively, mainly with square and rounded sections, and Figures 1(e) and 1(g) display
HRTEM images of these samples. Darker interiors and surrounding lighter shells in the TEM
and HRTEM images of NPs in Figures 1 (f) and 1(g) correspond to Er,Yb:GdVO. cores and
their amorphous silica coating, respectively. It is observed that the coating layer has a thickness
of ~7 nm around the NPs, which mostly retain their initial polygonal or rounded shape. A
characteristic TEM image of a sample in which the vanadate NPs were coated with a thicker
silica shell can be seen in the Supplementary Information, Figure S2. HRTEM images of
discrete NPs reveal in all cases a well-defined single crystal structure, characteristic of the

tetragonal /41/amd symmetry of GdVO; (see further images in Figures S3a-d). From the lattice
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fringes in Figure S3(a), as well as the corresponding selected area electron diffraction (SAED)
pattern in Figure S3(b), the resolved interplanar spacings are found to be about 0.359 nm,
consistent with the d-spacing between (200) planes of GAVO4 (JCPDS File 86-0996).

FT-IR spectra for the raw hydrothermal, 873 K annealed, and annealed and further silica
coated 1%Er, 20% Yb:GdVO, samples, whose XRD patters are shown in Figures 1(a-c), are
provided in Figures S4(a-c) of the Supplementary Information, along with the discussion for
vibronic assignments accounting for the formation of the Ln:GdVO4@SiO, entity, which
further probe the silica shell formation on the nanoparticles.

Figures S5(a),(b) included in the Supplementary Information show characteristic results from
DLS measurements on the particle size (hydrodynamic size) distribution for both 873 K

annealed and ~ 7 nm silica-coated Er, Yb:GdVO, samples.
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Figure 1. X ray diffraction patterns of (a) raw hydrothermal 1 % Er, 20 %Yb:GdV Oy, (b) 1 % Er, 20 %Yb:GdVO,
after 873 K thermal annealing during 5 h, and (c) the annealed sample in (b) with further SiO, coating, 1 % Er, 20
%Yh:GdVO,@SiO,. For comparison, the XRD pattern scheme of tetragonal 14;/amd YVO,, JCPDS File 82-1968 has
been also included. TEM images of (d) Er,Yb:GdVO,and (f) Er,Yb:GdVO.@SiO, nanoparticles. HRTEM images of (e)

Er, Yb:GdVO, and (g) Er, Yb:GdVO4@SiO, nanoparticles.
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3.2 Spectroscopic characterization

Nanoparticles were placed in a borosilicate bottom flat vial and compacted to ensure that they
fill the bottom of the vial. This vial was introduced in a sample holder that was placed inside a
Labsphere 4GPS-020-SL integrating sphere. Then, the samples were excited with a 200 um core
diameter fiber-coupled laser diode from Apollo Instruments, Inc. emitting at 980 nm. The laser
was collimated to a spot size of 3 mm on the sample, and a power of 100 mW. The emission
arising from the NPs was collected using an AVANTES AVS-USB2000 fiberoptic
spectrometer. The inner part of the integrating sphere is made from a diffusive material that
facilitates the luminescence generated by the NPs to spread evenly by multiple reflections over
the entire sphere surface before being collected by the detectors. In this way, all the light emitted
by the sample is collected by the detector, allowing us to compare the intensity of the emission
generated by the different samples.

Figure 2 shows the up-conversion photoluminescence emission spectra of Er,Yb:GdVO4 and
Er,Yb:GdVO4@SiO; core-shell NPs after excitation at NIR 980 nm collected in the integrating
sphere. The up-conversion emission spectra of these samples consist on two main bands
centered at 520 and 550 nm, which correspond to the 2Hji2 — 1152 and S32 — #1152 transitions
of the Er** ion, respectively. Also a weak red band was observed at 640-670 nm, assigned to the
4Fopp — #1512 transition of Er**. Splittings of all optical transitions in the Figure 2 are similar to
those reported for Er-doped single crystal, indicating that the crystal site for Er** is kept in the
prepared nanoparticles.?® In Figure 2, however, the emission bands presented are broad, due to
the conditions of detection we had to use because of the low intensity of the emissions in the
integrating sphere. Since the concentration of doping ions in both cases was identical, Figure 2
represents the comparison of the corresponding fluorescence efficiencies. It can be seen that the

emission intensity is higher for Er,Yb:GdVO4@SiO; core-shell NPs. This enhancement might

236



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION

Oleksandr Savchuk
Chapter 4 Luminescence nanothermometry in the visible: II. New materials

be due to the reduction of surface defects on the core-shell NPs due to the presence of the inert
SiO; coating.?*

To further confirm this enhancement of the emission intensity generated by the silica coating,
Figures S6(a),(b) in the Supporting Information display the evolution of the integrated intensity
of the visible upconverted emissions for Ln, Yb:GdVO4 NPs as a function of the surface
treatment (annealing and silica coating) after the hydrothermal synthesis. As can be seen in the
figure, 1% Er, 20%Yb:GdVO4 NPs coated with a ~7 nm silica shell show the highest

upconversion efficiency.
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Figure 2. Up-conversion emission spectra of the 1%Er, 20%Yb:GdVO, nanoparticles and 1%Er,

20%Yb:GdVO,@SiO; core-shell nanoparticles after excitation at 980 nm.

3.3 Luminescence thermometry

In order to find out the effect of the silica coating on the temperature sensing capabilities of
our NPs, we measured the dependence of the up-conversion emission spectra with temperature
for both samples in the biological range. This thermal characterization was made using the FIR

technique, using the following equation:?
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I Xz AE
FIR=-1 = 9% _ geyp| - 25 m
I, 9,%,0, kg T

where gi, vi, and o;, are the level degeneracy, the spontaneous emission, and the absorption rates,
respectively, kp is the Boltzmann constant, 7 is the absolute temperature, and AE is the energy
difference between the two energy states considered.

Figure 3(a) shows the changes in the normalized intensity of the spectra in the green region
recorded for the Er,Yb:GdVO4@SiO- core-shell NPs at room temperature and at the maximum
temperature analyzed in this work (343 K). As can be seen, while the intensity of the emission
arising from the 2Hjy, level increases substantially when the temperature increased. Figure 3(b)
shows the evolution of the FIR with temperature of both kinds of NPs. In the two cases they
follow a linear tendency with regression coefficients of 0.992 and 0.987 for Er,Yb:GdVO, and
Er,Yb:GdVO4@SiO; core-shell NPs, respectively. The slope is higher for core-shell NPs. This
results in a higher absolute sensitivity, calculated as the first derivative of the FIR to respect
Figure The maximum absolute sensitivity of

temperature, as shown in

3(c).
Er,Yb:GdVO4@SiO; core-shell NPs was found to be 1.01 % K-!, almost double than the one
obtained for the bare nanoparticles (0.69 % K!). In order to compare the sensitivity of the
Er,Yb:GdVO4@SiO; core-shell NPs with other Er-doped materials for which the FIR technique
was applied to determine temperature using the same electronic transitions we used in this work,

we calculated the relative sensitivity, as the first derivative of the FIR to respect temperature

divided by the FIR. The comparison is presented in Table 1.

Table 1. Comparison of Er-doped materials used for luminescence nanothermometry using the FIR technique in the

green region of the electromagnetic spectrum.

Material Temperature Excitation Wavelength Relative sensitivity %K* Thermal Ref.
range (K) wavelength (nm) ratio (temperature, K) resolution (K) :

Er,Yb:CaF, 298-323 920 538/522 23 25
Er,Yb:Gd203/Au NPs 300-1050 980 510-565 1.51 1 12
Er,Yb:PbF, 290-325 975 523/548 1.1(310) 13
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Er,Yb:Fluoride glass 335-375 975 523/548 1.1(342) 0.8 14
Er/ Er’Y;:aCS';a'C‘)ge"ide 293-498 1540/1060 530/555 1.05/0.52 0.3/0.5 11
Er,Yb:NaYFs 299-336 920 525/545 1.0 - 6

Er,Yb:GdVO,@SiO2 297-343 980 520/550 0.94 (343) 0.4 v:r:rsk
Er:ZnO 273-573 978 536/553 0.62 (443) - 9
Er:BaTiOs3 322-466 980 547/526 0.52(333) - 10
Er,Yb:Al,03 295-973 978 534/549 0.52(476) 0.3 15
Er,Mo:Yb3AlsO12 395-973 976 522/546 0.48(467) 0.3 25
Er,Yb:Fluoride glass 296-448 1480 522/543 0.4 1 16
Er,Yb:Gd203 300-900 980 523/548 0.39(300) 17
Er,Yb:silica glass 296-723 978 526/549 0.33(296) 0.2 18

In comparison with other Er-doped materials our results lye in the upper relative sensitive
range, with values around 1 % K- or higher. Er,Yb:CaF,?* and Er,Yb:Gd>O3/Au'?> NPs show
higher relative sensitivities, with values of 2.3 and 1.51 % K"!, respectively, while Er,Yb:PbF,,!?
Er,Yb:fluoride! and Er:chalcogenide!' glasses, and Er,Yb:NaYF4® nanoparticles show similar
values than Er,Yb:GdVO4@SiO; core-shell nanoparticles. In the case of Er,Yb:PbF», despite its
high sensitivity, its spatial resolution is limited by the size of the NPs (<500 nm). Thus, the main
application proposed for this material is the thermal characterizations of devices.'? For the rest
of the materials listed in the table, the reported relative sensitivities are lower than that of
Er,Yb:GdVO4@SiO; core-shell NPs. In terms of thermal resolution, the 0.4 K that can be
achieved with our NPs are only surpassed by the values reported for Er,Yb:silica glass'®,
Er,Mo:Yb3Als012,%° Er,Yb:Al,O3" and Er/Er,Yb:chalcogenide glass.!! However, in all these
cases the thermal resolution was estimated from the sensitivity values, and not measured
experimentally. Thus, our results are the first ones to confirm the thermal resolution that can be
achieved with Er’**-based up-conversion nanoparticles.

Apart from the data included in the table, it is also worthy to note that Sedlmeier et al.
analyzed the Iuminescent thermometric properties of Er,Yb:NaYF4s@NaYFs core-shell

nanoparticles, capped with citric acid (CA), and compared them with those of bare
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Er,Yb:NaYF4 nanoparticles capped with ethylene diamine tetraacetic acid (EDTA) and CA.?’
The slope of the FIR ratio in the three cases was similar, being a little smaller for Er,Yb:NaYF4
NPs capped with CA, but no difference was found between Er,Yb:NaYFs@NaYF, core-shell
CA-capped NPs and Er,Yb:NaYFs; EDTA-capped NPs. Only the thermal resolution was
improved by 5 times when the NaYF, shell was used, although again, the thermal resolution was

estimated form the FIR adjusted curves.
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Figure 3. (a) Evolution of the intensity of the emission spectra of Er’* in the green region obtained from
Er,Yb:GdVO,@SiO; NPs; (b) 1[*H;12]/1[*S32] FIR as the function of temperature for Er,Yb:GdVO, and
Er,Yb:GdVO4@SiO, NPs; (c) Comparison of absolute sensitivity values for both kind of NPs; (d) Thermal resolution
measured for Er,Yb:GdVO,@SiO, NPs; (¢) Time evolution of the intensity ratio for Er,Yb:GdVO, and

Er,Yb:GdVO,@SiO; NPs.
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To know the minimum temperature change that Er,Yb:GdVO4@SiO, NPs can discriminate,
we collected 60 consecutive emission spectra at a fixed temperature (313 K) in the Linkam 600
heating stage, controlled with its embedded thermocouple. In this way we were able to
determine the range of variability in the measurements.?® Then, we calculated the temperature
corresponding to each spectra using the calibration curve shown in Figure 3(b). This results in a
Gaussian distribution of temperatures centered at 313.5 K with a FWHM of 0.4 K, as can be
seen in Figure 3(d). This gives an estimation of the thermal resolution that can be achieved in a

measurement with these NPs.

We also analysed the effect of the illumination during a prolonged time with the 980 nm
laser. For this, we introduced the NPs in the Linkam 6000 heating stage, although we kept the
nanoparticles at room temperature, and recorded the luminescent spectra at intervals of 10 s
during 40 min. By calculating the FIR for each spectra and comparing it with the calibration
curve displayed in Figure 3(b), we could plot the temporal evolution of the FIR, as can be seen
in Figure 3(e). It can be seen in this graph that the FIR corresponding to the core-shell NPs
remains constant under the pumping laser at 980 nm over an extended illumination period, while
for the bare NPs the FIR increases, slightly but continuously, with time. This would indicate that
the population of the 2H, 1/, electronic level would increase when the exposure to the excitation
laser is prolonged, and thus that the Er,Yb:GdVO4 NPs increase their own temperature,
introducing an incorrect temperature determination. In the graph it can also be observed that
these effects are evident after 7 min of continuous excitation. We repeated this experiment
several times to confirm this effect, observing always similar results. Also, since the NPs were
located in the heating stage during the experiment, we could also use the screen of the controller
of this device to monitor the temperature evolution, measured in that case by the internal
thermocouple of the heating stage, observing the same tendency. So, an additional benefit of the

silica shell with which we coated our Er,Yb:GdVO4 nanoparticles is that it dissipates more
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effectively the heat generated in the body of NPs by the excitation laser, avoiding their heating,

and providing a more stable thermal probe.

3.4 Dispersibility in different solvents

An additional advantage of the SiO, coating in our nanoparticles is that it allows stablishing
H bridge bonds with protic polar solvents, like HoO or methanol (CH3OH), or van der Walls
weak interactions with aprotic polar solvents, like dimethyl sulfoxide (DMSO, CH3SOCH3).
This would allow the dispersion of the Er,Yb:GdVO4@SiO, core-shell NPs in these kinds of
solvents. We tested the possibility of dispersing our core-shell nanoparticles in these three
solvents. For that, 10 mg of Er,Yb:GdVO4@SiO; nanoparticles were dispersed in 10 ml of H»O,
methanol and DMSO, respectively, with the aid of an ultrasonic bath, and observed their
sedimentation as a function of time. The results are shown in Figure 4(a). In general, the
nanoparticles show a good stability in the three solvents analyzed, although after 24 h, it was
reduced significantly in DMSO. These results indicate that Er,Yb:GdVO4@SiO> NPs might be
dispersed, if required in biological compatible fluids for temperature determination in
biomedical applications.

We also analyzed how the different solvents affected to the up-conversion emission properties
of Er,Yb:GdVO4@SiO, NPs, and thus, to the FIR calculated from their spectra. Figure 4(b)
shows the emission spectra corresponding to the NPs dispersed in water, methanol and DMSO,
normalized to the intensity of the *S;» — *I;5, band. The emission spectrum corresponding to
the dry NPs, measured under the same experimental conditions, is also included for comparison.
As can be seen in this graph, the emission intensity of the band located at 520 nm decreases
when the NPs are dispersed in a solvent. This might be attributed to more efficient non-radiative
relaxation processes in that case that depopulate the #Ss level of Er’" towards lower energy

emitting levels because of the interactions stablished with the solvation molecules. This also
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affects to the Isyo / Isso FIR, as can be seen in Figure 4(c), which is reduced by 20 % when
compared to that of the powder not dispersed in any solvent. This reduction seems to be similar
for NPs dispersed in any of the three solvents analysed in this study, with the smallest values

attained in water and DMSO that have a higher dipolar moment.
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Figure 4.(a) Time evolution of the sedimentation of Er,Yb:GdVO4@SiO, nanoparticles dispersed in water, methanol
and DMSO; (b) Up-conversion emission spectra of Er,Yb:GdVO4@SiO, nanoparticles in different solvents normalized
in intensity to the Sy, — *I;5,» band; (c) Green-to-green (*Hap— *Iis to *S3n — “I15,2) emission intensity ratios

calculated for the core-shell nanoparticles dispersed in the different solvents.

3.5 Ex-vivo experiment to monitor temperature evolution

To probe the potentiality of the use of Er,Yb:GdVO.@SiO- core-shell nanoparticles for
temperature changes investigation in biological systems, we injected an aqueous dispersion of
the nanoparticles (1 wt %) in fresh chicken breast at the depth of around 1-2 mm. A heating gun

was used to heat the chicken breast. We monitored the temperature change induced in the
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chicken breast by observing the luminescence emitted by the injected nanoparticles after
excitation with an Apollo Instruments Inc diode laser with emission at 980 nm and a power of
100 mW. The laser was focused on the chicken breast by means of a microscope objective with
40X magnification and N.A. of 0.6. The emission arising from the nanoparticles was collected
by the same objective, and after passing a dichroic filter for elimination of the excitation
wavelength, was sent to an AVANTES AVS-USB2000 fiberoptic spectrometer connected to a
computer to record the spectra. The analysis of the emission spectra and their comparison with
the calibration line (see Figure 3b), the temperature was deduced. Moreover, in order to verify
the data, the temperature evolution of the chicken breast was also recorded by a digital
multimeter connected to the small thermo-resistor Pt-100 located inside the chicken breast, close
to the injected nanoparticles. The scheme of the setup is shown in Figure 5a.

The evolution of the temperature with time, during the induced heating process,
monitored by using the luminescent nanoparticles and the thermo-resistor Pt-100 are shown in
Figure 5b. A fast increase of temperature was clearly observed in both cases. Despite a time
delay can be observed in the monitoring process between the thermos-resistor and the
luminescent nanoparticles, it is smaller than 1 min, and when the thermal equilibrium is reached,
both systems show the same temperature (313 K, with an error of 0.03 K). This experiment
demonstrates the potentiality of using Er,Yb:GdVO.@SiO; core-shell nanoparticles for

temperature determination purposes in ex-vivo biomedical applications with a good thermal

resolution.
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Figure 5. (a) Scheme of the setup for the ex-vivo temperature determination experiment; (b) temporal evolution of
temperature during the induced heating process in the chicken breast monitored by the Er,Yb:GdVO,@SiO, core-shell

nanoparticles and a thermo-resistor Pt-100. Lines were plotted to help the reader to follow the temperature evolution.

4. Conclusions

In conclusion, Er,Yb:GdVO4@SiO; core-shell NPs can be used as an efficient luminescence
temperature sensor. To the best of our knowledge, we have demonstrated for the first time the
benefits of a SiO, coating on the luminescent thermometric properties. By using a SiO, coating,
we achieved a x2 enhancement of the thermal sensitivity. Moreover, the SiO; shell protects the
NPs from overheating during the excitation process. Also, we demonstrated that a high thermal
resolution can be achieved using these core-shell NPs. The spatial resolution is estimated to be
of the order of the size of the core-shell NPs. Good stability in different solvents, like water,
methanol and DMSO, make possible to use them as a temperature sensor in biological
applications, as the one we reported to monitor an induced heating process in an ex-vivo

experiment.

ASSOCIATED CONTENT
SUPPORTING INFORMATION:

Figure S1. X-ray powder diffraction patterns of 1%Tm, 15%Yb:GdVO,4 nanoparticles: a) raw
sample prepared by 24 h of hydrothermal synthesis at 185 °C; b) sample after thermal annealing
at 873 K during 5 h; c) annealed sample with further coating with a layer of 15-20 nm of silica.
For comparison, the X-ray pattern scheme of tetragonal 14:/amd GdVO4, JCPDS File 86-0996
has been also included in d).

Figure S2. TEM image of hydrothermal Tm, Yb:GdVO. sample prepared as for the title
samples, annealed at 873 K during 5 h and then coated with a thick shell of SiO,

Figure S3. a) HRTEM image of a polygonal nanoparticle prepared by hydrothermal treatment at
185°C during 24 h and then annealed at 873 K; b) The corresponding SAED pattern along the
[004] zone axis; ¢) and d) HRTEM images of nanoparticles annealed and coated with a silica

shell (light amorphous area around the polygonal nanoparticle).
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Figure S4. Comparison of room temperature FT-IR spectra of nanocrystalline tetragonal
vanadate samples: a) bare hydrothermal (24h at 185 °C) prepared sample, b) hydrothermal
sample annealed at 873 K during 5 h, ¢) sample as in b) with further surface coating with a ~7
nm shell of SiO.

Figure S5. Distribution by number of the hydrodynamic size of particles in hydrothermal Er,
Yh:GdVOq.: a) after annealing at 873 K for 5 h, and b) after annealing at 873 K for 5 h and
coating with a ~7 nm shell of SiO..

Figure S6. Evolution of integrated upconverted luminescence in nanocrystalline 1%Ln,
x%Yh:GdVO, with processing for surface treatments after the hydrothermal synthesis: a) green
bands corresponding to 2Hi12,*Sse—*l1s2 Er¥* transitions, b) blue band corresponding to
1G4—3Hs Tm3* transition. NA = bare non annealed hydrothermal sample, A = annealed at 873 K
during 5 h, A+@7 nm SiO; = annealed and 7 nm-SiO; coated sample, A+@15-20 nm SiO; =

annealed and 15-20 nm-SiO; coated sample.
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CHAPTER 5

Luminescence nanothermometry in the NIR

The near infrared region of the electromagnetic spectrum, with wavelengths from 650 —
980 nm, is known as the first biological window (I-BW), and is of interest for luminescence
nanothermometry due to the reduced scattering and minimal absorption of biological tissues in
this spectral region, achieving a deeper penetration depth when compared to visible radiation.
The range of wavelengths from 1000 — 1400 nm is known as the second biological window (11-
BW). At this spectral window, the absorption of water is larger than in the 1-BW, but optical
scattering is minimized because of the longer wavelengths. Thus, even a deeper penetration in
biological tissues can be achieved when compared to the I-BW. The range of wavelengths from
1400 — 2300 nm is known as the short wavelength infrared (SWIR) region. This region has not
explored for luminescence nanothermometry, but bioimaging tests performed at 1-5 mm
indicate that brighter inages and deeper penetrations can be achieved specially in melanin-
containing tissues due to reduced absorbance and scattering within this region.

In this chapter we present the use of the upconversion emission generated by Tm?3*,
Yb3*:GdVOy, core-shell nanoparticles and located at the I1-BW for thermal sensing purposes. We
investigated the evolution of the intensity of the emission lines located at 700 and 800 nm,
arising from two thermally coupled energy levels of Tm®*, with temperature. Due to the silica
coating, these nanopareticles are dispersible in water for long periods. This allowed us to
internalized these Tm?3*,Yb3*:GdVO, core-shell nanoparticles in the HelLa cells. The obtained
results prove the potentiality of the use of these Tm?®',Yb3*:GdVO,@SiO, core-shell

nanoparticles in temperature sensing applications and bioimaging.

251



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 5 Luminescence nanothermometry in the NIR

Also, we investigated the photoluminescence properties of Nd3*:KGd(WO.),
nanoparticles for temperature sensing purposes. Under excitation at 808 nm, they exhibited
strong emission bands at 883 nm and 1067 nm in the NIR region lying in the I- and 11-BWs,
respectively. The temperature dependence of the intensity of luminescence of these
nanoparticles showed a linear increase of the fluorescence intensity ratio in both cases, which
simplifies the calibration procedures to use them us luminescent nanothermometers. Finally, the
surface of these nanoparticles was functionalized using 3-Aminopropyltriethoxysilane, which
allowed their deagglomerating and their dispersion in aqueous solutions for future applications
in biological systems. A penetration depth up to 1 cm was achieved with these nanoparticles at
1075 nm. We believe that such deep penetration depth might be related to the high absorption
cross-section of lanthanide ions in the KGd(WO,), host. Hence, Nd**:KGd(WO,), nanoparticles
are promising new material for nanothermometry applications operating in the I1-BW.

Finally, we have studied the infrared emissions lying in the SWIR region generated by
Er®* and Tm®* ions sensitized by Yb®" in different host matrices after excitation at 980 and 808
nm (only in the case of Tm3*) for luminescence nanothermometry purposes. The excitation of
Tm3*at 808 nm provides an additional advantage for biological applications, since it lies in the I-
BW. The 1.55 pm emission band generated by Er®* ion presents different Stark sub-levels that
are thermally coupled and that can be used in the temperature sensing purposes. This emission
can be also used to detect temperature changes in telecommunications system.
Er®*,Yb®:NaY,FsO nanoparticles show the highest thermal sensitivity (0.15 % K™). In the case
of Tm®*, Yb® co-doped systems, the Tm3* 3F, and 3H, energy levels are electronically coupled
and the intensity ratio between the emission bands arising from them and located at 1.45 and 1.8
um can be used for luminescence nanothermometry purposes, showing a linear increase with
temperature. Tm3*, Yb3*:NaYF, nanoparticles were found to have the highest thermal sensitivity
among otherTm?*, Yb%* co-doped systems. Adding Ho®* to the system generates an efficient
energy transfer between Tm3* and Ho®, resulting in the generation of a new emission band
centered at 1.96 pm. The intensity ratio between the Tm3" emission at 1.45 um and the Ho%*
emission at 1.96 pm provides a new a channel for luminescence thermometry with a good

thermal sensitivity.
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Abstract

We investigated the possibilities of using the upconversion emissions generated in the
first biological window by Tm,Yb:GdVO.@SiO, core-shell nanoparticles for temperature
sensing purposes in the physiological range of temperatures. The two emission lines located at
700 and 800 nm, that lye in the first biological window, and arising from the thermally coupled
3F, 3 and °Hg energy levels of Tm®*, respectively, were identified to have potential to develop a
luminescent thermometer operating by the FIR technique, with a very high thermal sensitivity of
2.26 % K. Since the inert silica shell surrounding the luminescent active core allowed
dispersing these nanoparticles in water and biological compatible fluids, we investigated the
penetration depth that can be achieved with the emissions in the NIR arising from these core-
shell nanoparticles in biological tissues, achieving a value of 1.6 mm, and internalized them in

Hel a cells, proving their potentiality for biolabelling applications.

1. Introduction

Accurate temperature measurements at the nanoscale are important in many industrial
processes as well as in medicine.[*? Sometimes, the area in which the temperature has to be
measured is difficult or even impossible to reach. In this context, noncontact thermometry can
be used. Among the different noncontact thermometry techniques, luminescent thermometry

offers high spatial and thermal resolutions.*# By using luminescent thermometry, for instance,
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it would be possible to detect cancer cells at an early stage of development just monitoring the
temperature increase in the body due to the enhanced metabolic activities in abnormal cells.[?
Moreover, luminescent thermometry has been used to control the temperature reached during
the photothermal therapy of a tumor, avoiding the potential damage caused by overheating.
All this has become possible with the development of materials whose luminescent properties
strongly depend on small changes of the local temperature and whose luminescence emission
bands lie in the so called biological windows (BW).[¢]

There are two BW that are mostly used for bioimaging®! and temperature control of
photothermal therapy.® The first BW (I-BW) lays in the range 650 — 950 nm, where the optical
absorption of biological tissues, and especially the optical absorption of water, is minimized. 2%
The second BW (II-BW) lays in the range 1000 - 1350 nm, where the Rayleigh and Mie
scatterings are reduced.

Lanthanide-doped upconversion nanoparticles, that emit light at shorter wavelengths
than the light they absorbed, emerged as potential candidates for luminescence thermometry
since they possess a long range of emissions from the ultraviolet (UV) to the near infrared
(NIR).I*2 Moreover, they do not exhibit photobleaching effects,**! they can be excited with low
cost NIR laser diodes with emission also lying in the BWs, they offer an enhanced penetration
depth in biological tissues when operating in the BWSs, and also they allow avoiding the
autofluorescence from biological tissues generated by UV light, as it happens with conventional
quantum dots or organic dyes.' It has been reported the potentiality of using NIR-to-NIR
upconversion transitions in Tm** and Yb®* doped fluoride nanophosphors, which enables high
cellular contrast and tissue imaging.l*® Also, Dong and co-workers have performed cellular
imaging and temperature sensing experiments using Tm,Yb:CaF, nanoparticles, demonstrating
that the NIR emissions from Tm®* lead to a deeper penetration.l*®! However, for temperature
calibration, they used thermally coupled sub-Stark energy levels, with low energy gaps that
reduces sensitivity to temperature changes.

One of the main problems of upconversion nanoparticles is their low quantum
efficiency, which in addition suffer from the large surface area containing defects and
luminescence quenchers. One of the ways to reduce these energy losses is to coat them with an
appropriate inert shell material.l*”1 Furthermore, the inert shell can increase the hydrophilic
properties of nanoparticles, facilitating their dispersion in biological compatible fluids, and
protect them from the quenching caused by differences in pH and calcium levels in biological

tissues and living cells.[*®!
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Here, we present a study of the temperature dependent upconversion emissions of
Tm,Yb:GdVO.@SiO- core-shell nanoparticles lying in the I-BW. Different concentrations of
Tm3* as the active ion were studied in order to optimize the thermal sensing capabilities. The
silica coating of the nanoparticles increases the intensity of their upconversion emissions and
makes them dispersible in biological compatible fluids like PBS. The results presented prove the
potentiality of the use Tm,Yb:GdVO.@SiO, core-shell nanoparticles in NIR-to-NIR

temperature sensing applications and bioimaging.

2. Experimental techniques

Synthesis of Tm,Yb:GdVO.@SiO; core-shell nanoparticles

Samples (2 mmol) with composition Gdo.gsxYDo1sTMxVO4 (X = 0.5 - 3 mol %) have
been prepared by soft hydrothermal synthesis. Rare earth sesquioxides (Gd20s, Yb,03, Tm20s3,
Strem Chemicals, 99.9%) and ammonium metavanadate NH4V O3 (Sigma Aldrich 99%) were
used as starting reagents. Ln3*-nitrates were firstly prepared by dissolving together the required
stoichiometric amounts of corresponding sesquioxides in a solution of nitric acid (10 ml of
distilled water and 10 ml of 69% HNOs3), which was heated until complete dryness. Then, the
Ln®*-nitrates were dissolved in 10 ml of distilled water and added to a solution of NHsVOj3 in 20
ml of distilled water, the pH adjusted to 7 with diluted NH4OH, and after 15 min of magnetic
stirring the pale yellow dispersion was in each case heated at 458 K for 24 h in a Teflon-lined
autoclave. The product resulting from the hydrothermal reaction was collected by
centrifugation, washed with distilled water several times, and dried overnight at 393 K. With the
aim of removing surface defects associated with wet low-temperature synthesis as well as to
promote a better crystallization, the prepared samples were annealed to 873 K for 5 h. To
achieve a further improvement of the optical emission efficiency, the obtained nanoparticles
(NPs) were coated with a SiO; layer of controlled thickness. In brief, the process was carried out
by dispersing the above NPs (1.5 mmol) in an ethanolic (40 ml ethanol absolute 99.5% Emplura
Merck + 4 ml distilled water) solution with the pH adjusted to 9 with 0.75 ml of NH4OH, and
then 2 ml of tetraethoxysilane (Si(OC2Hs)s, TEOS, Alfa Aesar 99%) were slowly added under
stirring, which was maintained for 4 h, and finally the product was washed with ethanol,
centrifuged and dried to 423 K.

Structural and morphological characterization
The characterization of the crystalline phase for each prepared Tm,Yb:GdVO,

composition and then for corresponding Tm,Yb:GdVO.@SiO- core-shell structures was carried
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out at room temperature by powder X-ray diffraction (XRD) performed on a Bruker AXS D-8
Advance diffractometer using Cu Ka radiation.

Transmission electron microscopy (TEM) images were obtained with a JEOL
JEM2100 microscope, with an accelerating voltage of 200 kV, and high resolution TEM
(HRTEM) images with a JEOL JEM3000F microscope operating at 300 kV.

Further characterization data of hydrodynamic particle size distributions measured by
dynamic light scattering (DLS), and Fourier transform infrared absorption (FT-IR) spectra to
determine the possible presence of adsorbed species at the NPs surface as well as to account for

the formation of the Tm,Yb:GdVO.@SiO; entity, can be consulted elsewhere.

Temperature-dependent photoluminescence measurements

For temperature dependent photoluminescence measurements the
Tm,Yb:GdVO,@SiO core-shell nanoparticles were placed in a Linkam THMS 600 heating
stage and excited by a fiber-coupled laser diode with emission at 980 nm and a power of 50
mW. The laser beam was focused on the sample by a 40X microscope objective with N.A. = 0.6
providing a spot size of around 10 um on the sample. The emission was collected by the same
microscope objective, and after passing a dichroic filter to eliminate the excitation wavelength,
was sent to an AVANTES AVS-USB2000 fiberoptic spectrometer for recording the emission

spectra.

Subtissue spectroscopic Measurements

The subtissue penetration depths achievable by using Tm,Yb:GdVO,@SiO, core-shell
nanoparticles were investigated by using a double beam fluorescence microscope. This double
beam experimental arrangement allowed us to place a phantom tissue of variable thickness
between the Tm,Yb:GdVO,@SiO, core-shell nanoparticles and the detection optics. The
penetration depths achievable by using the emission bands of Tm®* ions were obtained by
monitoring the infrared luminescence generated for different tissue thicknesses. Mock tissue
phantom depth penetration studies were performed by using Intralipid as the phantom tissue.
Intralipid is an absorbing and scattering medium that has been extensively used in the past to
mimic the optical properties of human skin in the first and second biological windows. In this
work we used Intralipid 10%, diluted in a concentration of 2%. At this concentration, the

wavelength dependence is similar to that previously reported for several human tissues.
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In vitro experiments

HelLa (Human cervical cancer cell line) cells were grown as a monolayer employing
Dulbecco’s Modified Eagle Medium (DMEM) containing 10% fetal calf serum (FCS) and 50
units ml-* penicillin and 50 ug ml! streptomycin (Sigma). The cells were incubated at 310 K in
a humidified 5% CO, atmosphere and the medium was changed daily. For the fluorescence
observation, cells were plated onto round coverslips placed into 24-wells plates.

For evaluation of Tm,Yb:GdVO.@SiO. core-shell nanoparticles on in vitro thermal
scanning experiment, the cells were seeded in 24-well plates containing sterile round coverslips
and were kept in a sterile environment in the incubator for 24 h until the experiment start. After
2h of incubations with Tm,Yb:GdVO4@SiO,, cells were washed with PBS, and used in

luminescence experiments.

In vitro cell cytotoxicity/viability studies

To determine cell cytotoxicity/viability, the cells were plated in a 24 well plate at 310
K in 5% CO; atmosphere. After 48 h of culture, the medium in the well was replaced with the
fresh medium containing the Tm,Yb:GdVO,@SiO- particles in a volume ratio ranging from
1:50 to 1:500, and cells were incubated for 2 hours. After incubation, the medium was removed
and added completed medium without particles. After 24 h, 0.5 ml of 3-[4,5-dimethylthiazol-2-
yl]-2,5-diphenyltetrazolium-bromide (MTT) dye solution (0.05 mg ml* of MTT, Sigma) was
added to each well. After 2-3 h of incubation at 310 K and 5% CO, the medium was removed
and formazan crystals were solubilized with 0.5 ml of dimethylsulphoxide (DMSQO) and the
solution was vigorously mixed to dissolve the reacted dye. The absorbance of each well was
read at 540 nm on a Spectra Fluor4 (TECAN) microplate reader. The spectrophotometer was
calibrated to zero absorbance-using culture medium without cells. The relative cell viability (%)
related to control wells containing cell culture medium without nanoparticles was calculated by
[Alwest/[ Alcontrol X 100, where [Alest is the absorbance of the test sample and [Alcontral iS the
absorbance of the control sample. The MTT assay is a simple non-radioactive colorimetric assay
to measure cell cytotoxicity, proliferation or viability. MTT is yellow, water soluble, tetrazolium
salt. Metabolically active cells are able to convert this dye into a water-insoluble dark blue
formazan by reductive cleavage of the tetrazolium ring.”®! Formazan crystals, then, can be
dissolved in an organic solvent such as DMSO and quantified by measuring the absorbance of

the solution at 540 nm, and the resultant value is related to the number of living cells.
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3. Results and Discussion

All pale yellow products obtained after the hydrothermal reaction result to be
isostructural to the tetragonal 14./amd zircon-type phase of GdVO. (JCPDS File 86-0996), and
the crystal phase is maintained after the 5 h annealing at 873 K, although with narrower Bragg
peaks, an indication of the increase of the average size of individual crystalline domains
constituting vanadate NPs. No additional reflections have been detected for SiO,-coated samples
apart from a rougher background reflecting the presence of amorphous SiO2, as compared to the
XRD of the bare Tm,Yb:GdV O, annealed NPs, included in Figure 1(a) for comparison.

Figure 1(b) shows a characteristic TEM image of an annealed sample of
Tm,Yb:GdVO4 NPs, which present polygonal forms, mainly of square or rectangular sections,
and lengths of 25-40 nm. Figures 1(c) and 1(d) display HRTEM images of
Tm,Yb:GdVO.@SiO, NPs, with darker and lighter parts being the Tm,Yb:GdVO, core and the
amorphous silica coating, respectively. We determined that the coating layer had an average
thickness of ~7 nm around NPs. Also, HRTEM images of discrete nanoparticles reveal a well-
defined crystalline structure in the core, with the observed lattice fringe distances in Figure 1(d),
0.267 nm, matching the (112) interplanar spacing of GdVO., according to the JCPDS File 86-
0996.

(a) Tm, Yb:GdVO, 873 K-5 h

Tm, Yb:GdVO,@SiO,)

‘ JCPDS File # 86-0996
| 1

INTENSITY (arb. u.)

Figure 1. Structural and morphological characterization of Tm,Yb:GdVO, nanoparticles. (a) X-ray diffraction patterns
of the Gdo g4 Ybo.15Tmg 01 VO, sample annealed at 873 K for 5 h, and after the coating with a SiO, layer of 7 nm. For
comparison the XRD pattern scheme of tetragonal 14,/amd GdVO,, JCPDS File 86-0996 has been also included. (b)
TEM image of annealed Tm,Yb:GdVO, NPs. (c) and (d) HRTEM images of core-shell Tm, Yb:GdVO,@SiO, NPs,

260



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 5 Luminescence nanothermometry in the NIR

showing the lattice fringes of the crystalline core (darker areas) and the amorphous silica shell (lighter areas around the
core).

Figure 2(a) shows the upconversion emission spectra of 1% Tm3, 15%
Yb*:GdVO.@SiO, core-shell nanoparticles under 980 nm excitation at room temperature and
333 K. In the figure we indicated the spectral range corresponding to the I-BW in yellow. As
can be seen, when the temperature increased, all emission bands drop in intensity, with the
exception of the band at 700 nm that slightly increases its intensity. In order to explain why this
is happening, first it is necessary to identify the energy levels assigned to each radiative
transitions. Figure 2(b) shows the energy level diagram of the Tm3*and Yb3* ions, indicating the
pathways for 980 nm excited upconversion and the transitions involved in the generation of such
spectra. In a first step, the excitation at 980 nm is absorbed by Yb3* promoting its electrons from
the 2F7;, fundamental state to the 2Fs;; excited state, and transfer part of its energy to the 3Hs
energy level of Tm®*, from which electrons relax very fast to the 3F4 energy level. Then, a
second energy transfer from Yb®* promotes Tm3* electrons to the F, energy level which relaxes
populating the °F3 and 3H4 energy levels. Finally, a third electronic transfer promotes Tm3*
electrons in ®Ha to the 1G4 energy level, from where the blue and red emissions centered at 475
and 650 nm arise through the radiative G4 — 3Hs and G4 — 3F4 transitions, respectively. The
700 nm and 800 nm arise from the 3F; — 3Hs and *Hs — °Hg radiative transitions. The initial
energy levels of these radiative transitions can be populated both, from the second energy
transfer process detailed above or from the non-radiative relaxation of electrons from the G,
level.

The energy gap between the *F3 and ®Hy energy levels is 2046 cm™.[21 This relative low
energy difference between these two electronic levels allows the existence of a thermal
equilibrium between their electronic populations governed by the Boltzmann law. Thus, we can
consider that the 3F,3 and ®Hs energy levels are thermally coupled and can be used for
temperature determination using the fluorescence intensity ratio (FIR) technique.? In fact, in
Figure 2(a) it can be seen that the intensity of the peak at 700 nm, arising from the *F; — 3Hs
transition, increases as the temperature increases, while the intensity of the peak at 800 nm,
arising from the 3H; — 3Hg transition, decreases as the temperature increases, proving the

thermal coupling between the 3F3 and *H, energy levels.
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Figure 2. (a) Upconversion emission spectra of the Tm,Yb:GdVO,@SiO, core-shell nanoparticles at room
temperature and at 333 K. (b) Energy level diagram of the Tm3*and Yb** in GdVO,, indicating the absorption, energy
transfer and emission pathways.

Since the upconversion luminescence is a non-linear process, the intensity of the
emission bands depends on the dopant concentrations, as well as on temperature. In order to
optimize the intensity ratio of the emission lines at 700 and 800 nm, and obtain the maximum
thermal sensitivity, we studied the evolution of the FIR with temperature of
Tm,Yb:GdVO,@SiO, core-shell nanoparticles with different concentrations of Tm3. In a
previous study we optimized the concentration of Yb%* (~15 mol%) to maximize the intensity of
the Tm®" emissions in these core-shell nanoparticles,®d thus in the present work the
concentration of Yb3®* was kept constant at 15 mol%. The normalized FIR of the emission lines
at 700 and 800 nm of the Tm,Yb:GdVOs@SiO, core-shell nanoparticles for different
concentrations of Tm®* is shown in Figure 3(a). The experimental points were fitted to a
Bolzmann distribution equation with an additional offset that takes into account the overlapping
of the emission lines, according to the equation:[?2

FIR = Aexp=+C @
where AE is the energy gap between the two thermally coupled levels, k is the Bolzmann
constant and T is the absolute temperature, and A and C are fitting constants.

The value of the energy gap between the two thermally coupled energy levels 3F,3 and
3H, was set to 2046 cm™, as reported in the literature for the Tm:GdVOy, single crystal.?*] The
core-shell nanoparticles with a 1 mol% Tm?3* showed the highest slope. The absolute thermal

sensitivity can be calculated from the first derivative of the FIR fittings with respect to the

temperature,?? as:

AE
Saps = FIR-— @
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The thermal sensitivities calculated for the Tm,Yb:GdVO.@SiO, core-shell
nanoparticles are presented in Figure 3(b). As can be seen, and as expected from the slopes of
FIR in Figure 3(a), the nanoparticles with 1 mol% Tm?3" have the highest absolute thermal

sensitivity with a maximum of 2.26 % K at 333 K.
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Figure 3. (a) Normalized FIR as a function of temperature of the Tm,Yb:GdVO,@SiO, core-shell nanoparticles with

different concentration of Tm®*; (b) Absolute thermal sensitivity of the (0.5-3 %) Tm, Yb:GdVO,@SiO; core-shell
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The comparison with other Tm®*-doped systems is presented in Table 1. As can be
seen, the thermal sensitivity of Tm,Yb:GdVO,@SiO. core-shell nanoparticles is the highest
among Tm¥, Yb% co-doped systems.!6:2427 Xing et al.”® and Xu et al.[?”) reported the same
temperature dependent properties of the thermally coupled ®F.3 and 3H, energy levels in
Tm,Yb:LiNbO3 single crystal,®® but in that case, the thermal sensitivity was one order of
magnitude lower, and the maximum thermal sensitivity was achieved at much higher
temperatures. The same FIR was explored in Tm,Yb co-doped oxyfluoride glasses,?” but again,
the thermal sensitivity was one order of magnitude smaller. Zhou et al. take advantage of the
thermal population of the 3F,3 from the lower 3H, energy level to calculate the intensity ratio
with the emission line located at 650 nm arising from the G4 — 3F4 radiative transition.?! In
that case the thermal sensitivity increased, and takes a value closer to the one obtained in the

present paper, but still lower.

Table 1. Comparison of Tm**-doped systems used in luminescence nanothermometry.

o Maximum thermal
Excitation
. Temperature Wavelength sensitivity (% K™),
Material wavelength . Ref.
range (K) ratio Temperature (K)
(nm)
This
Tm,Yb:GdVO,@SiO, 298 - 333 980 1700/ lsoo 2.26 (333)
work
Tm,YbYZO3 303 - 753 976 |476/|488 0.35 (303) 24
Tm,Yb:LiNbO3 323-723 980 1700/ lg00 0.24 (773) 25
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Tm,Yb:NaYF,@Pr:NaYF, 350 - 510 980 loss/ loss 1.53* (417) 26
Tm,Yb:CaF; 299 -323 920 l790f lgoo 0.24* (299) 16
Tm,Yb:oxyfluoride glass 293 -703 980 1700/ ls00 0.3 (703) 27
Tm,Yb:BasGngn4021 300 -510 980 |439/|434 0.6 (300) 28

* Estimated from the data reported in the publications.

Motivated by the good results obtained for thermal sensitivity, we studied the
potentiality of using Tm,Yb:GdVO.@SiO- core-shell nanoparticles in biological systems. To
analyze how the fluorescence intensities of the Tm3* luminescence bands are attenuated by the
biological tissue, we used a phantom tissue of variable thickness. A drop of the core-shell
nanoparticles dispersed in phosphate-buffered saline (PBS) was placed in a microscope slide
and was optically excited by a continuous fiber-coupled diode laser at 980 nm. The laser beam
was focused on the core-shell nanoparticles using a 20X microscope objective (N.A. = 0.4). The
same objective was used to collect the Tm3* emission and after passing a dichroic mirror to
eliminate the excitation radiation, it was analyzed by using a high sensitivity Si CCD camera
(Synapse, Horiba) attached to a high-resolution monochromator (iHR320, Horiba). 2 % of
intralipid solution in water was used as phantom tissue as it has similar scattering properties
than biological tissues.[*%]

Figure 4 shows the collected emission intensity from the Tm3* emission bands as a
function of the tissue thickness. As can be seen, a monotonous decrease of the collected signal
with the tissue thickness is observed, indicating that the emission band of Tm?* is attenuated
within the phantom tissue either by absorption or scattering processes (or by a combination of
them).[?’l We have obtained a penetration depth of 1.6 mm. The results are similar to those
obtained in Tm,Yb:CaF, nanoparticles (maximum penetration depth of 2 mm).['l This
penetration depth might be increased by improving the detection of the emission and/or by

increasing the power of the excitation radiation.
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Figure 4. Penetration depth of the upconversion emission at 800 nm generated by Tm,Yb:GdVO,@SiO, core-shell
nanoparticles in a 2 % intralipid aqueous solution (continuous line was done for the eyes guiding).

For in vitro experiment, we incubated HeLa cancer cells with Tm,Yb:GdVO.,@SiO-
core-shell nanoparticles, as described in the Experimental Section. After incubation, the HelLa
cells were examined in a confocal microscope illuminated with a continuous fiber-coupled diode
laser at 980 nm as the pump source and the fluorescence was detected by the same system
described before. Figure 5(a) shows an optical transmission microscope image of the HelLa cells
after incubation, the arrow indicate the position of the nanoparticles when the excitation laser is
off. Figure 5(b) shows an optical transmission microscope image of the same region when the
excitation laser is on. The blue emission arising from the Tm,Yb:GdVO.@SiO, core-shell
nanoparticles can be seen and it suggests that the nanoparticles are incorporated into vesicles.
An enlarged image of the area in which the nanoparticle is located is shown also in this figure.
In the enlarged image some tiny signs of autofluorescence arising from the cell seem to be
present, however, they no hamper the observation of the emission arising from the luminescent
nanoparticle. An intensity scan of the blue emission along the line indicated in Figure 5(c) was
performed to corroborate that the blue emission is only arising from the luminescent
nanoparticles. The results show an increase of the intensity in the area where the nanoparticles
are located, but not in the rest of the cell. The red dashed line in the graph indicates the level of
noise. At this point we should note that we performed a number of different toxicity assays. We
have found that incubation of HelLa cells with medium solutions containing

Tm,Yb:GdVO.@SiO, core-shell nanoparticles caused a reduce toxicity, as it is shown in Figure
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5(d), for the different concentrations analyzed. The toxicity increased as the concentration of
core-shell nanoparticles increased.
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Figure 5. Microscope optical transmission image of the HeLa cells incubated with Tm,Yb:GdVO,@SiO, core-shell
nanoparticles when the excitation laser is (a) off, and (b) on. The arrow indicate the position were the core-shell
nanoparticles are located, as can be seen when the laser is on in (b), together with an enlarged image of the square
indicated in the image. (c) Intensity scan of the blue emission along the dashed line indicated in the figure with a scan
step of 2 um. (d) Percent survival of HeLa cell line incubated with different concentrations of Tm®,Yb%*:GdVO,@SiO,

core-shell nanoparticles. Each point corresponds to the mean value +SD from five different experiments.

4. Conclusions

In summary, we investigated the upconversion emissions generated by
Tm,Yb:GdVO.@SiO, core-shell nanoparticles in the physiological range of temperatures
containing different concentrations of Tm3* after pumping at 980 nm. The two emission lines
located at 700 and 800 nm, that lye in the 1-BW, and arising from the thermally coupled ®F. 3 and
3H, energy levels of Tm®, respectively, were identified to have potential to develop a
luminescent thermometer operating by the FIR technique. The nanoparticles containing 1%
Tm3* were found to have the highest thermal sensitivity for this purpose with a maximum of
2.26 % K1 at 333 K, which is the highest value reported for Tm**, Yh%* co-doped systems to the
best of our knowledge. A penetration depth of 1.6 mm in biological tissues could be achieved
for the 800 nm emission arising from these core-shell nanoparticles. Furthermore, the inert silica
shell surrounding the luminescent active core allowed dispersing them in biological compatible
fluids like PBS, which facilitated internalizing the core-shell nanoparticles in HelLa cells,

proving their potentiality for biolabelling applications.
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Luminescence thermometry and imaging in the second biological window at high
penetration depth with Nd:KGd(WOs)2 nanopatrticles.

Ol. Savchuk,? J.J. Carvajal,>” L.G. De la Cruz,? P. Haro-Gonzalez,” M. Aguild,? F. Diaz?

8Physics and Crystallography of Materials and Nanomaterials (FICMA-FICNA) and EMas,
Universitat Rovira i Virgili (URV), Marcel-1i Domingo, 1,E-43007 Tarragona, Spain.
PFluorescence Imaging Group, Departamento de Fisica de Materiales, Facultad de Ciencias,
Universidad Auténoma de Madrid, C/ Francisco Toméas y Valiente, 7, E-28049 Madrid, Spain.

Abstract: Neodymium-doped monoclinic KGd(WO,), nanoparticles were synthesized by the
Pechini sol-gel method. Under excitation at 808 nm, the 3 at. % Nd:KGd(WO4)znanoparticles
exhibited strong emission bands at 883 nm and 1067 nm in the near infrared region range,
corresponding to the*Fs, —*lorz and *Fs—*l11/2 transitions of Nd3*, and lying in the first and
second biological windows, respectively. Both emissions show promising properties for thermal
sensing in this range of wavelengths. In fact, the thermal analysis of these nanoparticles
indicated a linear ascent behavior of the fluorescence intensity ratio. The surface of these
nanoparticles was functionalized by silanization using 3-aminopropyltriethoxysilane as the
coupling agent, allowing deagglomerating with sizes around 16 nm, which allowed dispersing
them in water. In this form they were used for NIR imaging in the second biological windows,
achieving a depth penetration of 1 cm, the deepest ever reported in this spectral range. Hence
these nanoparticles are promising for nanothermometry and imaging applications in the second

biological windows.

1. INTRODUCTION

The variation of the luminescent properties of luminescent nanoparticles (LNPs) with
temperature have attracted attention in last years, and play a crucial role in thermal image
applications, used at the same time in biophotonics, forthcoming diagnosis and therapy

procedures. -]
Aside from this important interest, thermal sensing of biosystems is a key part for the

simultaneous monitoring of their temperature to found the origin of behavior and therefore early

detection and treatment of many diseases, since one of the first signals of any given illness (such
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as inflammation, hyperthermia, cancer or cardiac problems) is the appearance of thermal
singularities.! However, traditional temperature sensors (thermocouples, thermistors and
infrared thermometers) could not fulfill the measure requirements in living cells,®™ principally
because they determine the temperature by contact (thermocouples and thermistors), measure
only temperature at the surface, and have a low spatial resolution.[®

Because of these limitations, the use of temperature sensors based on the fluorescence
properties of nanoparticles have shown great potential due to their operation in non-contact
mode and can find applications both, in cellular imaging and in temperature sensing at the
nanoscale,*"l after a suitable chemical functionalization of the surface of these nanoparticles
that allow their dispersion in biological compatible fluids.[**2 However, most of these systems
operate in the visible range of wavelengths,®3 which limits their penetration depth into a
biological tissue to a few millimeters,[141%]

Therefore, finding an appropriate alternative, which has sufficient emission of signal but
also allows for a deeper penetration during in-vivo imaging experiments, is important.
Fortunately, two regions have been identified in the near infrared region (NIR) of the
electromagnetic spectrum where the absorption of light by the different component of the
biological tissue is reduced, the so-called biological windows. Initially, the focus on research
was centered at the first biological window (I-BW), that extends from 700 nm to 950 nm.[26:27]
At present, focus has shifted to the second biological window (11-BW),[*82%that extends from
1,000 nm to 1,400 nm. Two water absorption bands at 980 nm and 1500 nm limit this spectral
range. Since longer wavelengths are used in the Il BW, there is a reduction of the optical
scattering if compared to the 1-BW. This reduction is considered to lead to an improvement in
the resolution of sub-tissue images, and a longer penetration depth. 2%

Among the most promising material candidates to work in these biological windows we
encounter carbon nanotubes (CNTs) and lanthanide (Ln3*)-doped LNPs. Despite CNTs have a
unigue fluorescence emission band that spans up to the whole spectral range of the 11-BW, and
make them useful for a deep-tissue imaging,i*®l they can generate unwanted thermal loading
during the emission process,”% that might masks temperature measurements. Ln**-doped
nanocrystals, from their side, have attracted great interest due to their large Stokes shifts, narrow
emission band widths, long luminescence lifetimes, biocompatibility, and nontoxicity, giving
rise to potential applications in diverse fields such as bio-imaging. ?*?"1 To date, multifunctional
Ln®*doped LNPs that exhibit two or more different properties are highly desirable for many
technological applications such as multifunctional imaging, and simultaneous diagnosis and

therapy.428 The Nd®"ion with an absorption around 800 nm is considered a good candidate to
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achieve efficient emissions in the I- and 11-BWs, based on the three main emission channels of
Nd®* ions: *Fa;z — *losz, *Fa2 — *l112 and *Fz2 — “l1312 that lead to emissions at around 910 nm,
1050 nm, and 1330 nm, respectively,*8land significantly improve the penetration depth for
deep-tissue imaging.?*% LNPsdoped with neodymium can be used to work in both the 1-BW
and I1-BW. Furthermore, Nd®* ion shows several advantages such as a small thermal loading
due to a single de-excitation channel, no excited state absorption, a large transparency over the
visible range, a weaker cross-relaxation process, and a long (ms) radiative
lifetime.F1-32IHowever, the sensitivities of state-of-the art Nd®*-based luminescence themometers
are relatively low,* and the penetration depths demonstrated up to now did not exceed 5
mm.[29%34 Thus, it is necessary to explore the possibilities of new hosts in which Nd3*can be
embedded, to improve both, thermal sensitivity and penetration depth.

In this context, KGd(WO.,),, that crystallizes in the monoclinic system with space group
C2/c, is reported as an excellent host for lanthanide ions due to its highly thermal and
chemically stability.[*>361 It also provides a strong physical anisotropy with weaker concentration
quenching effects, and activated by Ln®* ions shows high efficiency for stimulated emission at
low pumping energies with laser diode excitation,*”8 due to the high absorption cross-section
that lanthanide ions show in this material.*® Based on all these properties, KGd(WOQ4), seems to
be a potential candidate to improve the properties of Nd®**-based systems for luminescence
thermometry.

In this work, we synthesized and optimize the doping concentration of Nd®** in
KGd(WOQy,)2, and analyzed its spectroscopic properties. The nanoparticles showing the highest
emission efficiency were functionalized by silanization to disperse them in biological
compatible fluids, and their thermometric response in the | and II-BW, as well as their

penetration depth in the I1-BW were analyzed.

2. EXPERIMENTAL TECHNIQUES

2.1 Synthesis of Nd*":KGd(WO4)2 nanoparticles by the Pechini sol-gel method.

We followed the procedures developed by Galceran et al.*! to produce KGd(WOa,),
nanoparticles by the Pechini method. Briefly, powders of K,CO; (Alfa Aesar, 99.0%),
Gd20szand Nd»O3 (Aldrich, 99.9%) were used as starting materials to synthesize 1 to 5 at. %
Nd3:KGd(WO,). nanoparticles. Stoichiometric amounts of these compounds were dissolved in
HNO; (Labkem, 65%). The solution was maintained at 100 °C until the liquid was completely
evaporated. After that, powders of (NH4);WO. (Aldrich, 99.99%) and EDTA (Alfa Aesar,
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99.0%) were dissolved in water during at room temperature. This solution was mixed with the
nitrates generated and was kept for 2 hours at 50 °C to allow the complexation reaction to take
place. The esterification reaction took place when adding polyethyleneglycol (Aldrich, m.w.
400) at this solution. When mixed together, EDTA and PEG create a rigid net able to reduce the
segregation of metals which could take place at high temperatures during the process of polymer
decomposition. The following step was a pre-calcination at 300 °C during three hours to start
decomposing the organic resin. Finally, the precursor powder, was calcined at 1000 °C for 8 min

and then cooled down to RT.

2.2 Chemical functionalization of the surface of Nd:KGd(WOa)2 nanoparticles.

The surface of 5 at. % Nd:KGd(WO,), nanoparticles was chemically functionalized by
silanization to disperse them in water. Different amounts of nanoparticles were mixed in a vial
with 2.5 ml of 3-aminopropyltriethoxysilane (APTES) (Aldrich, 99%) and different volumes of
water, as listed in Table 1. This solution was left under sonication for 5 hours at room
temperature, using a 5 mm micro-tip in a high-power ultrasonic processor. Different conditions
of amplification and pulse duration where used in the experiments, summarized in Table 1. The
vial was submerged in a water-ice bath in order to minimize the polymerization of APTES due
to the increase of temperature during the sonication process. After that the excess of APTES no
linked to the surface of the nanoparticles was removed by adding 2.5 ml of ethanol and/or
acetone (Pure Merck), depending on the experiment (see Table 1) and ultrasonicated
additionally during 5 minutes. This step was repeated several times until the supernatants
became colorless indicating that the excess of APTES that was not linked to the surface of the
nanoparticles was removed. The resulting mixture was centrifuged during 6 min at 800 rpm in
order to separate the functionalized nanoparticles. Finally, the chemically functionalized
nanoparticles were dispersed in 2.5 ml of water using the high-power ultrasonic processor to
study their deposition time that will allow us estimating their stability in water compatible
fluids.
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Table 1. Parameters used in the functionalization of nanoparticles.

sample Ultr_agour)d UItrasoun_d pulse % vol. Silane - Weight of Agglomeratio
Name amplification duration Water NPs (mg) n
(%) on (s) /off (s)

Exp 1 20 1/1 100-0 50 Yes
Exp 2 40 1/1 100-0 50 Yes
Exp 3 40 1/1 50-50 50 Yes
Exp 4 40 1/1 25-75 50 Yes
Exp 5 35 1/1 25-75 50 Yes
Exp 6 35 2/1 25-75 50 Yes
Exp 7 35 3/1 25-75 50 Yes
Exp 8 35 3/1 25-75 12 No

2.3 Characterization techniques

X-ray powder diffraction patterns were recorded from the nanoparticles obtained
with different dopant concentrations using Cu Ko radiation in a Bruker-AXS DS-
Discover diffractometer equipped with a parallel incident beam (Gobel mirror), a
vertical 6—0 goniometer, an XYZ motorized stage, and a point detector. The X-ray
diffractometer was operated at 40 kV and 40 mA. Identification of the crystalline
phases was achieved by comparing the recorded XRD pattern with the JCPDS
database.

The particle morphology, and size distribution of the NPs were analyzed using
transmission electron microscopy (TEM) analysis, performed with a JEOL JEM-1011
microscope. The preparation of the samples consisted in placing a drop of the
nanopowders, previously mixed in a volatile solvent such as ethanol(Merck, pro
analysis 99.8%) or distilled water, on a copper grid covered by a holey carbon film
(HD200 Copper Form-var/carbon).

The optical reflectance of the Nd®:KGd(WO,), nanocrystals was recorded at
room temperature using a Varian Cary 500 spectrophotometer to analyze the position
of the Nd3* absorption bands in the material. The spectra were recorded from 600 nm
to 1000 nm, taking measurements with a data interval of 0.1 nm and 20 seconds of
integration time.

The Nd*photoluminescence measurements to determine the efficiency of Nd3*-
doped materials were carried out at room temperature by a homemade set-up using an
808 nm diode laser (Ostech) as the excitation light source with a power of 1.1 W
coupled to an optical fiber and a collimator lens that focuses the light onto an
integrating sphere. The sample was located in a hole of the sphere at 180° of the

pumping source and at 90° of the detector, a Yokogawa AQ6373 optical spectrum
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analyzer (OSA). The spectra were recorded from 850 nm to 1400 nm.

To determine the variation of the luminescence properties of the 5 at. %
Nd3:KGd(WO,), nanoparticles with temperature, they were introduced in a heating
stage (LinkamTHMS 600), and their emission was collected in a90° geometry to
minimize the influence of the laser pump on the collected spectra. The pumping
source was collimated, as well as the emission generated by the sample by a lensor a
microscope objective, respectively. The spectra were recorded from 850 nm to 1400
nm with the high sensitive mode of the Yokogawa AQ6373 OSA.

3 RESULTS AND DISCUSSION

3.1 Structural and morphological characterization

The synthesized nanocrystals were structurally characterized by X-ray
powder diffraction. Figure 1(a) shows the X-ray powder diffraction pattern of the
Nd3**:KGd(WO4), nanocrystals, which crystallizes in the monoclinic system with
space group C2/c, since all the peaks observed in the experimental pattern could be

indexed according to the reference JCPDS 89-8489 pattern*l, also shown in Figure

1(a).
(a) 55
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Figure 1. (a) X-ray powder diffraction pattens of monoclinic KGd(WO,), nanocrystals. (b) TEM images of
3 at. % Nd*:KGd(WO,), nanoparticles.
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To determine the particle size of the nanocrystals obtained, we used the X-ray
diffraction data and the Scherrer’s equation,*?l which correlates the broadening of the
diffraction peaks with the crystallite size.**!We calculated the crystallite sizes using
the full width at half maximum (FWHM) of the (220), (222), (002) and (040) peaks
of the diffraction pattern of 3 at. % Nd*:KGd(WO.), nanoparticles, determining a

crystallite size of 63.22 nm.

TEM images of these nanoparticles give information about the size distribution
and morphology of the Nd** doped nanoparticles obtained. Figure 1(b) shows typical
TEM pictures of these nanoparticles recorded at different magnifications. The
particles were agglomerated with a non-defined shape and with a high variety of sizes
ranging from 2 um to 6 pm. It was possible to observe the smaller particles, which
were forming those big aggregates, with sizes between 70-150 nm, in agreement with

the particle size determined from the Scherrer’s equation.

3.2 Spectroscopic characterization

We recorded the reflectance of 3 at. % Nd3:KGd(WO,), nanoparticles. As
can be seen in Figure 2(a), the presence of the characteristic bands of Nd*3 ions at
around 750 and 900 nm (corresponding to the “Fsz — “lgz and *Fsz — “*lupe
transitions, respectively) is evidenced, confirming the doping of the nanoparticles
with Nd®*,
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Figure 2. (a) Reflectance spectra of 5 at. % Nd*:KGd(WQ,), nanoparticles. b) Emission spectra of 3 at %
Nd**:KGd(WO,), nanoparticles. ¢) Evolution of the emission intensity of the *Fs, — “li1, transition in
Nd3*:KGd(WO,), nanoparticles as a function of the concentration of Nd®*.

In this study, we optimized the percentage of Nd3*, ranged between 1 at. %
and 5 at. % that gives the maximum emission intensity, analyzing it with an
integrating sphere. It was possible to observe the two multiplets corresponding to the
4F32 — o2 (~850 nm), and *Fs;2 — *l1172 (~1075 nm) transitions, as shown in Figure

2(b). The first transition is located in the I-BW and the second transition lies in the I1-
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BW. Among the transitions of Nd3* we expected to obtain the emission corresponding
to the *Fs;z — “li3p2 transition, located at around 1300 nm, lying again in the 11-BW.
However, as shown in Figure 2(b), it was barely seen, since it is very weak. The 3 at.
% Nd*:KGd(WO4), nanocrystals showed the highest intensity in the NIR range, as
can be seen in Figure 2(c), and those are the particles we have chosen for further

characterizations as nanothermometers, and for imaging purposes.

3.3 Thermometric characterization

To know the potential use of 3 at. % Nd3:KGd(WO,), nanoparticles for
thermal sensing, it requires an adequate knowledge of the thermal response of the
intensity of the luminescence bands. Figure 3(a) shows the emission spectra obtained
for the 3 at. % Nd**:KGd(WOQy4), nanoparticles at two different temperatures (25 and
60 °C) within the physiological range. The change in the intensity of emission
induced by temperature is observed in the two most intense peaks, at around 883 nm

and 1067 nm, as can be seen in detail in the insets.
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Figure 3. a) Normalized emission spectra of 3 at. % Nd**:KGd(WO,), nanoparticles at two different
temperatures (25 and 60 °C). b) Temperature variation of the ratio between the emitted intensities at 895.8
nm and 883.8 nm in the *Fs, — *lg, transition. ¢) Temperature variation of the ratio between the emitted

intensities at 1075.8 nm and 1067.6 nm in the “Fa;, — “l;5» transition.

This allowed us to calculate two different intensity ratios, corresponding to
the two emission bands recorded for Nd3*, one lying in the 1-BW, and the second one
lying in the 11-BW. For the *F3; — “*lgp transition, we used the ratio between the
emission peaks located at 883.8 nm and 895.8 nm (see Figure 3(b)), while for the *Fs
— 411152 transition, the ratio used was between the emission peaks located at 1067.6
nm and 1075.8 nm (see Figure 3(c)). The intensity ratios in both cases presented an
almost linear behavior in the intensity change in the biological range of temperatures.

Also, we calculated the thermal sensitivity (S), defined as the rate of change of the
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FIR with temperature, achieving maxima of 0.12 % K and 0.165 % K at 25 °C for
the I- and 11-BWs, respectively.
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Figure 4. Relative thermal sensitivity calculated for the FIR(lggss/lgss.s) and the FIR(l1o7s.6/l1067.6) intensity
ratios corresponding to the *Fg;, — g and *Fa;, — “li1» Nd®* transitions, respectively in Nd**:KGd(WQO,),
nanoparticles.

The sensitivity obtained in the I-BW is similar to the thermal sensitivities
reported for other luminescent nanothermometers operating in this spectral region
such as Nd*:NaYF4*l (0.12 % K™), and slightly smaller than that reported for
Nd**:YAGE4 (0.15 % K1), Nd®*:LaFs'% (0.25 % K™), Nd**:NaLas*! (0.26 % K™)
and Yb% Nd®:LiLaP40121%% (0.3 % K1). In the case of the sensitivity achieved in the
11-BW, although it is not as high as the one reported for Nd**:NaGdF4 + CdS/PbS/ZnS
@ PLGA hybrid nanoparticles,® which have a thermal sensitivity of 2.5 % K at 30
°C, it is the first one described in this biological window for a nanothermometer
constituted only by a single type of nanoparticles, and being of the order of those

reported for nanothermometers based on Nd** operating in the I-BW.

3.4 Surface functionalization of the Nd*:KGd(WOa): nanoparticles and
sedimentation analysis

As mentioned above it is very important to make the nanoparticles
dispersible in a biocompatible fluid like water. To do that, we explored the

silanization reaction. The results of the experiments are indicated in Table 1. We
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observed that despite we modified different parameters, such as the ultrasound
amplification, the pulse duration, and the contents of silane and water, the most
effective change was generated when reducing the concentration of luminescent
nanoparticles. Figure 4 shows TEM images of the 3 at. % Nd3*:KGd(WO,),
nanoparticles illustrating the evolution of the deaglomeration of the nanoparticles in
the most significant experiments. As we can see in Figure 4(a), corresponding to
conditions of Exp. 1 in Table 1, the nanoparticles form big aggregates, with sizes
between 80-300 nm, and the functionalization with silane did not permit a correct
dispersion. In Exp. 7, in which we increased the amplification of the ultrasound wave
and the duration of the pulse, we could not still avoid the formation of aggregates
with sizes around 200-700 (see Figure 4(b)), and although the nanoparticles start to be
deagglomerated, they are embedded in the polymer matrix formed by the silane
molecules. However, by using the same conditions, but reducing the amount of
nanoparticle to a quarter part of the initial amount used, corresponding to the
conditions of Exp.8 as listed in Table 1, we obtained nanoparticles fully dispersed

with a mean size of 16 nm, as can be seen in Figure 4(c).

(a)

200 nm

200 nm

Figure 4. TEM images of the 3 at. % Nd*:KGd(WO,).nanoparticles with their surfaces
fuctionalizated by silanization using different conditions as listed in Table 1. a) Exp.1 (20% ultrasound
amplification, 1 s pulse duration, 100% silane, 50 mg nanoparticles), b) Exp.7 (35% ultrasound

amplification, 3 s pulse duration, 25% silane/75% water, 50 mg nanoparticles) and ¢) Exp.8 (35%
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ultrasound amplification, 3 s pulse duration, 25% silane/75% water, 12 mg nanoparticles).

The sedimentation time is a very important characteristic to take into account in
the dispersion of the nanoparticles, since dispersions are unstable from a
thermodynamic point of view; however, they can be kinetically stable over a large
period of time, which determines their shelf life.[*"]

To analyze the sedimentation of our functionalized nanoparticles, different
photographs of the vials containing the 3 at. % Nd3*:KGd(WOQ4).nanoparticles
dispersed in water were recorded immediately after sonication and later on after 20
min., 30 min. and 40 min. Results are shown in Figure 5.

Figure 5(a) shows the photographs of 3 at. % Nd*:KGd(WO4), nanoparticles
functionalized with silane molecules under the conditions of Exp. 1 in Table 1. Here
we can observe that the nanoparticles tend to sediment at the bottom of the vial, and
the water of the top part of the vial become clearer as the time increased.

As we observed in TEM images, the reduction of the nanoparticles concentration
helped to achieve a larger degree of deaglomeration of the nanoparticles, thus a
greater dispersion was obtained in the same period of time, as can be observed in
Figure 5(b), corresponding to Exp. 8. In that case we can observe that despite the
initial sedimentation, also present in the previous experiments, the turbulence of water
in the top part of the vial almost did not change with time, indicating the stability of

this dipersion for times longer than 40 min.

| n

Figure 5. Sedimentation evolution with time of 3 at. % Nd*":KGd(WO,), nanoparticles functionalized by

silanization. a) Exp. 1 (20% ultrasound amplification, 1 s pulse duration, 100% silane, 50 mg
nanoparticles), and b) Exp.10(35% ultrasound amplification, 3 s pulse duration, 25% silane/75% water, 12

mg nanoparticles) as listed in Table 1.
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3.5 NIR imaging of biological tissues

To explore the possibilities of using these nanoparticles as optical bioprobes for
imaging in the NIR, in the 11-BW, a drop of the dispersed nanoparticles in water with
concentration of 0.5 mg ml' was placed between two microscopic slides. A
continuous wave diode laser emitting at 808 nm with a power of 5 W was used as the
excitation source, placed at a distance of 5 cm of the nanoparticles, producing an spot
of ~3.5 cm on the sample. A piece of chicken breast, as a tissue comparable to human
tissue M8 with different thicknesses ranging from 0.5 to 1 cm, was located on the top
of the 3 at. % Nd*:KGd(WO,), nanoparticles, in between the sample and the
excitation source. The signal arising from the luminescent nanoparticles was collected
by a Peltier cooled InGaAs infrared camera (Xenics) with an attached filters wheel
that allows collecting emissions of a particular wavelength range of interest, above
900 nm, 1000 nm and 1100 nm, respectively, and eliminate excitation laser. The first
filter allows recording the images generated by the emissions at 1067 nm and 1300
nm of Nd3*, and partially the emission centered at 883 nm. The second filter allows
recording the images generated by the 1067 and 1300 nm of Nd®*, while the third one
allows only recording the images generated by the 1300 nm emission of Nd**.

Figure 6shows the spectral NIR images collected using different filters. As can be
seen up to a penetration depth of at least 1 cm can be achieved with the 900 and 1000
nm long pass filters that allow passing the NIR emission of Nd** centered at 1067 nm.
Such deep penetration of the NIR emission into the biological tissue can be attributed
to the fact that 1067 nm is located at the 11-BW, that presents less absorption and
scattering of the light.

In the case of the 1100 nm longpass filter, we could not observe the fluorescence
at 1 cm. This can be explained by the fact that the 1.3 um Nd** emission is less
efficient than those at 883 and 1067 nm. However, a penetration depth of 0.5 cm
could still be easily observed in that case.

To the best of our knowledge, this is the first time that the penetration depth in
biological tissue is tested using Nd*'-doped nanoparticles operating in the 11-BW,
achieving a record penetration depth of 1 cm, much larger than that reported for Nd®'-
doped nanoparticles operating in the 1-BW (0.5 cm).[*%34 A possible reason to explain
such a high penetration depth might be the high absorption cross-section of Nd**in
KGd(WO0,)2,B% much higher than that reported for YAG,* or GdVO,B% for
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instance. In fact, the intensity of the emissions at 883 and 1067 nm of Nd*in
KGd(WOy4), is two orders of magnitude higher than that obtained in NaGdF, (see
Figure S1 in Supplementary Material).

900 nm longpass filter

0cm 0.5cm 1cm

Ocm 0.5cm 1cm

1100 nm longpass filter
Oocm 0.5 cm 1cm

1220'

Figure 6. NIR emission images of Nd**:KGd(WO,), nanoparticles at different thickness of chicken breast.

4. CONCLUSIONS

In summary, we performed an investigation of the luminescence properties of Nd3*-
doped KGd(WO4)z2nanoparticles, showing intense emissions bands at around 883 nm
and 1067 nm corresponding to the *Fs; — *lgrz and *Fz2 — *l11s transitions, lying in
the I- and 11-BW, respectively, under infrared (808 nm) optical excitation. The
optimum doping conditions were 3 at. % of Nd**, which showed the highest emission
intensity. The thermal characterization of the luminescence properties of these
nanoparticles indicate that they can be used as luminescent nanothermometers in the
I- and 11-BW. When working in the I-BW, the thermal sensitivity of our nanoparticles
id similar to the previously reported for other materials. Added to this, the dispersion
of the nanoparticles we achieved when functionalized with silane molecules, indicate

that these nanoparticles can be potentially used in in-vivo tests, due to their sizes of
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~16 nm, which would prevent their sedimentation in blood vessels. We also
performed NIR imaging in biological tissue with these nanoparticles, achieving at
least a penetration depth 1 cm when operating in the I1-BW, the maximum ever
achieved with Nd**-doped nanoparticles operating in this spectral region. Thus, these
Nd*:KGd(WOs), luminescent nanoparticles seems to be promising materials for
nanothermometry and imaging applications in the second biological windows.
Furthermore, since one of the great interests for the use of nanoparticles in the
biomedical field is their potential multifunctionality, these particles containing Gd®*
might, in the future, be investigated for their contrasting capabilities for MRI,

compacting different tools in a single theranostic nanoparticle.
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ABSTRACT

We analyzed the potentiality of the short-wavelength infrared (SWIR) emissions of
different lanthanide ions (Er®*, Tm®" and Ho®") embedded in different hosts for
luminescence thermometry. The 1.55 pm emission band generated by Er®* has
different Stark sub-levels that can be used in temperature sensing purposes. However,
the thermal sensitivity that can be achieved with this emission is relatively low. In the
case of Tm* containing nanoparticles, the emissions arising from the 3F; and 3H,4
energy levels, that are electronically coupled, useful for luminescence thermometry,
with a linear evolution for the intensity ratio as the temperature increases that
simplifies the calibration procedure for thermometers based on this parameter.
Tm,Yb:NaYF, nanoparticles were found to have the highest relative sensitivity
among the Tm®,Yb®* co-doped nanoparticles analyzed. Adding Ho®* to the system
generate an efficient energy transfer between the Tm3* and Ho®* ions, that results in a
new emission line centered at 1.96 pum that can be used also for luminescence
thermometry purposes. Pumping at 808 nm in these systems increases their thermal
sensitivity. The thermal sensitivities achieved for SWIR luminescence thermometry
are comparable to those reported previously in the visible, and are higher than those
reported for most of the systems operating in the I- and 11-BWs.

We demonstrated the potentiality of these emissions in the SWIR region for
luminescence thermometry and imaging in ex vivo experiments by monitoring the

heat generated by hot air in chicken meat, with a penetration depth of at least 0.5 cm
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in this king of biological tissue.

1. Introduction

Hyperthermia in the treatment of cancer requires monitoring the body temperature to
ensure patient safety [1, 2]. In addition, temperature must be measured to confirm that
heat has been adequately applied to the affected tissues and to prevent damages in the
surrounding health tissue. Moreover, any temperature increment in the body is usually
a sign of the presence of a disease or infection [3]. Thus, temperature monitoring
techniques are called to play a major role in assuring safe and effective medical
treatments.

Usually, contact type thermometers are used to measure the body temperature of
patients in cavities such as the mouth, armpit or rectum, but they provide only a
measurement of the surface temperature. If local temperature measurements are
required apart from these areas, contact thermometers must be put in contact with
internal tissues producing pain and risk of infection [4]. One of the most promising
alternatives to avoid these problems is the use of noncontact thermometry methods,
which provide fast, accurate and non invasive techniques for monitoring the
temperature inside the body [4]. Among the different noncontact thermometry
techniques, luminescence thermometry offers a high spatial and thermal resolution [5,
6]. Among luminescent nanothermometers, the use of lanthanide (Ln®") doped
materials has some advantages among other luminescent systems, including: reduced
or non-existing toxicity, non photobleaching effect, and excitation with low cost near
infrared diode lasers [7].

Among Ln%*-based luminescence nanothermometers, those using upconversion
mechanisms that convert efficiently near infrared (NIR) radiation to visible light have
been extensively studied, especially those based on Er®*, Yb®" co-doped systems [8-
10]. However, biological tissues show strong extinction coefficients in the visible
range of the electromagnetic spectrum, restricting the use of this kind of light for
biomedical applications. A reduced absorption and scattering in biological tissues can
be achieved by using specific wavelengths lying in the NIR, in the so called biological
or therapeutic windows [11, 12] localized between 650-950 nm (first biological
window, 1-BW) and 1000-1350 nm (second biological window, 11-BW). Recently, the
benefits of using luminescent nanoparticles emitting in these biological windows for

in vivo temperature controlled photothermal therapy of tumors have been
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demonstrated [13]. In this sense, Nd%" ions have become the most promising
lanthanide ion because of its efficient emissions lying in these spectral ranges after
pumping at ~800 nm with highly efficient and low cost diode lasers [14-19].
However, still the quest for an outstanding host matrix for Nd3* that maximizes the
quantum efficiency of this ion, allowing for high penetration depths in the body is a
matter of special interest. For instance, using KGd(WO4,); as the host matrix, in which
lanthanide ions exhibit high absorption and emission cross sections [20], a penetration
depth higher than 1 cm has been achieved [21].

Despite all this work, no studies have been devoted to explore the possibilities of
longer emission wavelengths in luminescence thermometry. Naczynski et al. [22]
reported that longer wavelengths than those considered in the 11-BW, lying in the so
called short-wavelength infrared (SWIR) that extends from 1.35 to 2.3 pum, transmit
more effectively through specific biological tissues than those used in the visible, I-
and 1I-BWs. For instance, they demonstrated that SWIR light at 1.5 pm transmits
three- and two-times more effectively in oxygenated blood and melanin-containing
tumors, respectively, than 550 nm light. They also showed that the majority of
biological tissue samples exhibit markedly low attenuation between 1 — 1.35 pm as
well as between 1.5 — 1.65 um, effectively extending the wavelength region of
lowered attenuation within the I1-BW. However, when comparing the penetration
depth in biological tissues of light in both regions, while <0.4% light in the I- and II-
BW penetrated through 5 mm of pigmented tumor tissue, ~80 % of the transmittance
was achieved by SWIR light, being detectable through 1 cm of phantom tissue,
suggesting that light in the I- and 11-BWs has a limited use for detecting optical
probes in tissues containing melanin. The authors attributed these advantages to the
reduced tissue absorbance and scattering within the SWIR region. In fact, in a real
scenario in which light would need to penetrate through multiple tissue layers, the
refractive index changes experimented by light would lead to greater scattering
conditions. Thus, in this situation, emissions in the SWIR region would show higher
signal-to-background ratios than visible or NIR light.

Here, we study the emissions in the SWIR region generated by Er3*, Tm3* and Ho®*
ions, in most cases in combination with Yb®, used as sensitizer, in different host
matrices, including fluorides (NaYF4), oxyfluorides (NaY:FsO), simple oxides
(Lu203) and complex oxides (KGd(WOa), and KLuU(WOs.)2), excited with diode lasers

emitting 808 and 980 nm radiation. We analyzed the possibilities of these emissions
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for temperature sensing purposes, determining also which hosts would be more
suitable. The thermometric responses of these particles are compared with those
shown by other Ln®**-doped nanoparticles operating in the visible, and in the I- and 1l-
BWs, showing the potential of SWIR emitting nanoparticles for temperature

measurements in biomedical applications.

2. Experimental section
2.1 Nanoparticles synthesis
Hexagonal 1 % Er, 20 % Yb:NaYF4, 1 % Tm, 20 % Yb:NaYFs and 1 % Er, 20 %
Ybh:NaY,FsO nanoparticles were provided by Boston Applied Technology.
Monoclinic potassium rare-earth double tungstates KRE(WO.), (RE=Lu, Gd) single
doped with 1 % Tm; co-doped with 1 % Tm, 10 % Yb; 1 % Tm, 1.5 % Ho or 3 % Er,
10 % Yb and triply doped with 1 % Tm, 10 % Yb, 1.5 % Ho were synthesized by the
modified Pechini sol-gel method. Analytic grade purity reagents of Ho0:0;
(99.9999%), Tm,03 (99.9%), Yb,0s3, Lu203 (99.9999%) and Gd,O3 (99.9999%) were
dissolved in hot nitric acid in stoichiometric proportions to form the nitrate
precursors. Citric acid (CA), as the chelating agent, and ethylenglycol (EG), as the
esterification agent, were used also in this reaction. The nitrate precursors were
dissolved in distilled water with citric acid in a molar ratio of CA to metal cations Cu
= [CA)/[METAL] = 1. Ammonium tungstate (NH4);WO, (99.99%) and potassium
carbonate K,COj3 (99.99%) were added to the aqueous solution that was heated at 353
K under magnetic stirring during 24 h until complete dissolution. Then, EG was
added to the mixture in a molar ratio Ce = [EG]/[CA] = 2. The solution was heated at
373 K to evaporate water and generate the polymeric gel. After that, the polymeric gel
was calcined at 573 K for 3 h to obtain the precursor powders that were then calcined
at 1023 K for 2 h to eliminate the organic compounds and crystallize the desired
nanoparticles.
4 % Er, 20 % Yb doped Lu,03 nanoparticles were synthesized also by the modified
Pechini sol-gel method. Lu,Os, Er,O3 and Yb,03 were dissolved in hot nitric acid to
form the nitrate salts. In this case we used ethylenediaminetetraacetic acid (EDTA) as
the complexation agent. The nitrate salts were dissolved in an aqueous solution with
an EDTA molar ratio to metal cations Cw = [EDTA]/[METAL] = 1. Further, EG was
added to the mixture in a molar ratio Cg = [EDTA]/[EG] = 2, and the solution was

heated on a hot plate under constant stirring to form a transparent solution. Then, the
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solution was dehydrated on the hot plate at 363 K to form a polymeric viscous white
gel. After, the gel was calcined at 573 K to eliminate the organic compounds. A
brown foam was formed when the organic compounds were calcined, resulting in a
fragile brown mass that constitutes the precursor powders. Finally, these precursor

powders were calcined at 1073 K for 2 h to obtained the nanocrystalline powder.

2.2 Comparative intensity photoluminescence measurements

Nanoparticles were placed in a borosilicate bottom flat vial and compacted to ensure
that they fully fill the bottom of the vial. The vial was inserted in a sample holder that
was placed inside a Labsphere 4GPS-020-SL integrating sphere. Samples were
excited with a 200 um core diameter fiber-coupled laser diode from Apollo
Instruments, Inc. emitting at 808 or 980 nm. The laser was collimated with a spot size
of 3 mm on the sample, and a power of 100 mW. The emission arising from the
nanoparticles was collected using a Yokogawa AQ6375 optical spectrum analyzer
(OSA).

2.3 Temperature dependent photoluminescence measurements

For the temperature-dependent photoluminescence experiments, the nanoparticles
were introduced into a modified Linkam THMS 600 heating stage, with a
thermocouple connected to the heating stage for temperature control, and with a boron
nitride disk that homogenizes the temperature distribution inside the chamber and
along the sample. The heating stage was placed in a homemade microscope setup in
which the same diode lasers with emission at 808 and 980 nm described before were
used to excite the sample using a microscope objective with 40X magnification and
N.A. of 0.6 that produced a laser spot of ~10 um on the sample. The emission was
collected by the same microscope objective, and after passing a dichroic filter for

elimination of the excitation wavelength, was sent to the Yokogawa AQ6375 OSA.

3. Results and Discussion
3.1. Er®* emissions in the SWIR
Er¥*, Tm* and Ho®" ions show several SWIR emission lines that can be used in
nanothermometry. Spectra of Er®*, Yb3* co-doped nanoparticles excited at 980 nm are
shown in Figure 1la. The emission spectra consist of a broad band located at around

1.55 pm. The mechanism of production of this emission band is the following (see
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Figure 1b): after the absorption of a photon at 980 nm by Yb?* the electrons of Yb%*
are promoted to the excited 2Fs; energy level. Then, an energy transfer from the
excited 5Fs;, energy level of Yb3* to Er®* ions occurs, populating the *l11/2 energy level
of this ion. After, a multiphonon relaxation from the “l112 to the 113, energy level
allows generating the radiative *l13.— “l155, transition, whose emission is centered at
1.55 pm [20].

As can be seen in Figure 1a, Er,Yb:NaYF,4 nanoparticles show the most intense
emission among the materials analyzed. This material already received an important
attention for bioimaging applications and nanothermometry in the visible region
because of its efficient upconversion emissions [23, 24]. Er,Yb:NaY;FsO and
Er,Yb:KGd(WO,), nanoparticles show emissions with a similar intensity. Finally,
with less intensity we encounter the sesquioxide Er,Yb:Lu,O3 nanoparticles. Thus,
according to these results, fluorides, and in particular NaYF4, are the most efficient

materials to generate emissions from Er®* in the SWIR region.
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Figure 1. (a) Absolute intensity of the different hosts co-doped with Er®* and Yb®" ions excited at 980 nm.
(b) Mechanism of generation of SWIR emission lines for the samples doped with Er®* and Yb®'.
We studied the temperature induced changes in the intensity of the emission line
centered at 1.55 pum, produced by Er®* in the different nanoparticles analyzed in this
work. The results are presented in Figure 2a. In general, we observed that when the
temperature increases, the intensity of the emission band decreases, and this effect is

more accentuated for Er®*,Yb:NaYF, nanoparticles.
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Figure 2. (a) Near infrared emission of Er®*, Yb®* co-doped samples recorded at room temperature and 333
K; (b) intensity ratio of the emission lines as a function of temperature; (c) relative thermal sensitivity of
Er¥*, Yb* co-doped samples.

The fluorescence intensity ratio (FIR) between the emission lines generated from the
Er®*, Yb* co-doped systems as a function of temperature are presented in Figure 2b.
The FIR is defined as:

FIthzszexp _AE 1
I, 9,0, ke T

where gi, vi, and g, are the degeneracy of levels, the spontaneous emission, and the
absorption rates, respectively, ks is the Boltzmann constant, T is the absolute
temperature, and AE is the energy difference between the two energy states
considered and can be used when the emission lines considered arise from thermally
coupled levels, i.e. when their energy separation is low, of the order of 200 — 2000
cm® [25]. In this case, the emission lines considered arise from different Stark
sublevels of the same manifold, thus they can be considered to be thermally coupled.
In each case we considered the emission lines that show the highest slope for FIR.
The FIR follows an almost linear tendency in all cases and can be fitted to the
Bolzmann distribution described in eq. 1 [25]. The FIR is higher for the
Er,Yb:NaY2FsO nanoparticles, despite the highest intensity emission and the

maximum temperature intensity change was observed for Er,Yb:NaYF4 nanoparticles
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(see Figures 1a and 2a). This is a consequence of the activation of phonon-assisted
processes and multi-phonon decays caused by temperature increase when oxygen is
incorporated in the nanoparticles. The two oxides considered in this work showed
almost the same slope (the FIR lines are almost parallel), while in that case the
fluoride nanoparticles show the smallest slope. This is due to the fact that the intensity
of almost all the emission lines in the emission spectra of the Er,Yb:NaYF.
nanoparticles decreased the same amount when the temperature increased.

Another important parameter that allows to compare the performance of luminescent
thermometers is the thermal sensitivity, that considers the maximum change of the
parameter considered, the FIR in this case, for each temperature degree. Here, we
used the relative thermal sensitivity, which was calculated using the following
equation [5]:

OR
/s
e ()

where R is the luminescent parameter that changes with temperature (FIR in the

Srd =

present case). The relative thermal sensitivities for the Er* emissions in the SWIR
considered in this article are presented in Figure 2c. All the studied nanoparticles
show a relative thermal sensitivity with their maxima at room temperature.
Er,Yb:NaY2FsO nanoparticles show the highest relative sensitivity (0.15 % K1),
almost 3 times higher than that of Er,Yb:NaYF4 nanoparticles. We showed previously
the potentiality of Er,Yb:NaY,FsO nanoparticles in luminescence nanothermometry
using the lifetime thermometry technique in the visible, showing curiously that the
thermal sensitivity in that case was also three times higher than for Er,Yb:NaYF.
nanoparticles [26].

A part from the potential biological applications of this line for temperature
determination, it can also be used to determine the temperature in telecommunication
systems in order to prevent optical damages by the pumping lasers, since the 1.55 um
line falls is the S-band region of optical telecommunications and Er®*-doped fibers are
commercially used for amplifying this signal [27, 28]. However, when comparing the
relative thermal sensitivities of Er®*, Yb®" co-doping systems operating in the visible,
with those achieved here, Er®* emissions in the SWIR show smaller thermal
sensitivities, indicating that Er®* probably is not the best ion to be used for

luminescence thermometry in the SWIR.
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3.2. Tm®** and Ho®* emissions in the SWIR after pumping at 980 nm

The photoluminescence spectra in the SWIR region of different nanoparticles co-
doped with Tm®* and Yb®* ions excited with a 980 nm cw diode laser are shown in
Figure 3a. The spectra consist of two emission bands located at ~1.45 pm and ~1.8
pum. The mechanism for the generation of these emission lines starts when Yh3*
absorbs a photon at 980 nm and promotes its electrons to the 2Fs;; excited state. Then,
an energy transfer process occurs due to the energy match between the Yb®* 2Fs;, and
Tms* 3Hs levels. From this Hs energy level, electrons can relax non-radiatively to the
3F,4 energy level. From here, the energy of a second excited electron of Yb®* is
transferred to Tm3* while its electrons are in the °F4 excited state, promoting them to
the 3F5 state. From here, a second non-radiative relaxation takes place towards the 3H,
energy level, from which an emission band located at ~1.45 pum arises, resulting from
the 3Hs — 3F4 transition. When the electrons in the 3F4 state relax radiatively to the

3Hg ground state, a second emission line is generated, located at 1.8 um (see Figure
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Figure 3. (a) Absolute intensity of the different hosts co-doped with Tm3*, Yb® and Ho® ions excited at
980 nm. (b) Mechanisms of generation SWIR emission lines for the samples doped with Tm®, Yb*" and
Ho* ions.

When the nanoparticles include also Ho%*, an additional line can be observed at 1.96
pm, assigned to the ®1,—51g transition of Ho®". This emission can be generated by the
energy transfer from Yb3" to Ho®'. After Yb®" absorbed a photon at 980 nm and
promoted its electrons to the 2Fs;, excited state, it can transfer this energy to the
resonant °lg level of Ho®. From here, and after a non-radiative relaxation towards the
517 level, the transition that generates the 1.96 um emission takes place, from this
excited level to the ground state of Ho®* [29]. Another possibility for the generation of

this emission is a direct energy transfer process from the 3Hs level of Tm®* to the
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resonant °lg level of Ho®*, followed by the non-radiative relaxation towards the °I;
level, from which the °I;—5lg transition takes place [30], however, since the
concentration of Yb3* is ten times higher than that of Tm®* in the nanoparticles, the

first mechanism seems to be the more realistic to occur.

The highest intensity is observed again for the Tm,Yb:NaYF4 nanoparticles, followed
by the Tm,Yb:NaYF, nanoparticles, followed by the Tm,Yb,Ho:KLu(WO.),
nanoparticles, with a similar intensity at ~1.8 um, and with the additional emission
band at ~1.96 um. Tm,Yb:KLu(WO,), nanoparticles show the smallest intensity,
indicating the importance of the incorporation of Ho®* in this material to enhance the

emission intensity at these wavelengths.

( ) m TmYb:NaYF, (/I )
1154 @ TmYb:KLUWO,), (,,./1,..)
A Tm,YbHo:KLUWO), (I, . 1,.,)

¥ TmYbHoKLUWO), (., /1....)

(@) [ Tm,YbHo:KLu(WO,), —RT

0.95 o

Intensity ratio

0.90

0.85 -

0.80

3(')0 365 3;0 31‘5 350 3&5 32‘&0
Temperature (K)

' ——Tm,Yb:NaYF,

——Tm,Yb:KLU(WO,),
——Tm,YbHo:KLU(WO), (I, Al,...)

——Tm,Yb,Ho:KLu(WO,), (I, /N,

1780 1960

~—

o
2
3

o
@
&

Tm,Yb:NaYF4

Intensity (a.u.)

o o o
2 & o
5 & 8

(%K')

o
@
8

L

A TR TR
1400 1500 1600 1700 1800 1900 2000

Wavelength (nm)

o
»
¥

o
»
3

Relative thermal sensativity &

T T T T T T T
300 305 310 315 320 325 330

Temperature (K)
Figure 4. (a) Near infrared emission of Tm®*, Yb®* co-doped and Tm?®*, Yb®*, Ho®*" triply doped samples
recorded at room temperature and 333 K. (b) Intensity ratio of the emission lines located at (1470~1480)
nm and (1770~1780) nm as a function of temperature for the different nanoparticles analyzed. (c) Relative
thermal sensitivity calculated for the Tm®, Yb* co-doped and Tm**, Yb*®, Ho®" triply doped nanoparticles.
We also analyzed the evolution of the intensity of the spectra for Tm3*, Yb** co-doped
and Tm?', Yb®, Ho®*" triply doped nanoparticles as the temperature increased, when
excited at 980 nm. Figure 4a presents the emission spectra of Tm,Yb:NaYF.,
Tm,Yb:KLu(WOQ4)2, Tm,Yb,Ho:KLu(WO.,), nanoparticles at room temperature and
333 K. As can be seen at high temperatures the emission intensity decreases in all

samples. However, the intensity of the emission bands centered at 1.45 and 1.8 um
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decreased at different rates as the temperature increased. Furthermore, since the 3F4
energy level of Tm®* is populated by the radiative relaxation from the 3H, level, we
can consider that the emission lines centered at around 1.45 and 1.8 pm produced by
these levels are electronically coupled [31, 32]. Thus, although we cannot consider
that these systems are in thermal equilibrium, governed by a Boltzmann distribution,
we can observe how the intensity ratio between these two emission bands evolves
with temperature, and use it to determine the temperature by luminescence means.
Figure 4b shows the evolution of the intensity ratio between some selected peaks of
these nanoparticles showing the highest slope as the temperature increased. These
intensity ratios were calculated by deconvoluting the peaks that can be distinguished
in the different bands, and using the areas determined under each peak. As can be
seen the intensity ratio between the emission lines located at 1780 and 1960 nm of
and Tm,Yb,Ho:KLu(WO,). nanoparticles increases with temperature, while the rest
of the intensity ratios considered, involving peaks in the 1.45 and 1.8 um bands
decreases. Among these, the slope for the intensity ratio for Tm,Yb:NaYF. and
Tm,Yb,Ho:KLu(WO4), nanoparticles are almost identical, while that corresponding to

the Tm,Yb:KLu(WOa), nanoparticles is the smallest among the materials considered.

To compare the performance of these nanoparticles with other luminescent
ratiometric nanothermometers we calculated their relative thermal sensitivity using
eg. 2. The results are shown in Figure 4c. Tm,Yb:NaYF4 and Tm,Yb,Ho:KLu(WO.),
nanoparticles show the highest relative sensitivity, with a maximum of about 0.6 % K-
L at room temperature. This thermal sensitivity is higher than that of Er®*-doped
systems operating in this spectral region. When compared to the thermal sensitivity of
other Tm3*-doped systems, it is higher than that reported for Tm,Yb:Y,03 phosphors
operating in the visible (0.34 % K) [33] and for Tm,Yb:CaF, nanoparticles (~0.16 %
K, estimated from the data provided in the publication) [34], Tm,Yb co-doped
oxyfluoride glass ceramics (0.3 % K™) [35] and Tm,Yh:LiNbO; single crystal (0.024
% K1) [36] operating in the 1-BW.

3.3 Tm®*" and Ho®** emissions in the SWIR after pumping at 808 nm.

Tm3* can also be excited at 808 nm which allows exploring new possibilities to
develop luminescent nanothermometers in the SWIR. The luminescence spectra in the
SWIR for Tm-doped, Tm, Yb and Tm, Ho co-doped KLu(WO.), nanoparticles are
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presented in Figure 5. In the case of Tm-doped and Tm, Yb co-doped nanoparticles,
the spectra consist of two broad bands centered at 1.45 and 1.8 pum, as expected.
Pumping at 808 nm excites electrons from the fundamental ®Hs to the excited 3H,
energy level of Tm®*, from which they decay radiatively to the 3F,4 level, generating
the emission at 1.45 pm, followed by the F4 — °Hs transition that generates the

emission at 1.8 pm.
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Figure 5. (a) Absolute intensity and (b) mechanism of generation of emission bands in the SWIR region of
KLu(WOy,), nanoparticles doped with Tm®; Tm®, Yb%* and Tm®, Ho®* ions excited at 808 nm. (c)
Emission at around 1 um generated by the Tm, Yb:KLu(WO,), nanoparticles excited at 808 nm.

In the case of Tm,Ho:KLu(WO.), nanoparticles, an energy transfer process between
Tm® and Ho%" is produced, as explained before, that generates the additional

emission band at 1.96 um. The emission intensity generated from the Tm:KLu(WO4),
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nanoparticles is much higher than that obtained for the Tm, Ho co-doped KLu(WQ4)2
and Tm,Yb:KLu(WO4), nanoparticles. In the case of Tm, Yb co-doped nanoparticles,
we observed that the Yb®* emission at ~1um is observed. This can be explained by
the energy transfer process from the 3H, excited state of Tm®* to the ?Fs, excited state
of Yb¥, from where it can relax radiatively emitting at around 1 pm through the 2Fs,
— 2Fp; transition. This energy transfer process between Tm3* and Yb®*, that seems to
be very efficient, would be the responsible for the reduced intensity of the Tm®*
emissions in Tm,Yb:KLu(WO,), nanoparticles. The reduced intensity for the
Tm,Ho:KLu(WO4), nanoparticles compared to that of Tm:KLu(WO4), nanoparticles
compared to that of Tm:KLu(WO,). nanoparticles would be explained by the energy

transfer between Tm3* and Ho3".
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Figure 6. (a) Temperature dependence of the SWIR emissions for the KLu(WO,), nanoparticles doped with
Tm®; Tm®, Yb% and Tm®, Ho* ions. (b) Intensity ratio between selected SWIR emission lines in Tm:
KLU(WOy4)2, Tm,Yb: KLUu(WO,), and Tm,Ho: KLu(WOQ,), nanoparticles. (c) Relative thermal sensitivity of
the intensity ratios considered in (b) as a function of temperature.

For these Tm®* doped nanoparticles pumped at 808 nm we also analyzed the
possibilities to use them as luminescent thermometers. The evolution of the intensity
of the SWIR emissions arising from these nanoparticles when the temperature
increased is presented in Figure 6a. Again, we observe that the evolution of the

intensity of the different emission bands is different as the temperature increases. For
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Tm®* doped and for Tm®, Yb3* co-doped nanoparticles we observed that while the
intensity of the 1.45 um band is almost insensitive to temperature changes, the
intensity of the 1.8 um band decreases as the temperature increased. The case of the
Tm®*, Ho®*" co-doped nanoparticles is different. In that case, we can observe that
while the intensity of the bands at 1.45 and 1.96 pm decreases slightly with
temperature, the intensity of the 1.8 pum band increases slightly as the temperature
increases. This would indicate the possibility of an energy backtransfer from Ho®* to
Tm?, as indicated in Figure 5b, that is more efficient as the temperature increases.
This gives an additional mechanism to use the intensity of these emission bands to

determine the temperature by luminescence thermometry.

In the case of the Tm®*-doped sample, when we analyzed the intensity ratio between
the peaks located at 1.45 and 1.8 um we observed a reduced slope (see Figure S1)
compared to that obtained in Tm,Yb:KLu(WQ4); and Tm,Yb,Ho:KLU(WO,), excited
at 980 nm. However, in this case we observed a linear evolution with a higher slope
for the intensity ratio between the two peaks located at 1710 and 1805 nm for the
Tme*-doped nanoparticles. These transitions arise from two Stark sublevels of the °F,
energy level of Tm®. Thus, we can consider that they are thermally coupled.
However, the maximum relative thermal sensitivity for this FIR was found to be
around 0.1 % K1,

In the case of Tm,Yb:KLu(WQ.),, the intensity ratio, if we consider emission lines
lying also in the 1700-1800 nm range, is almost constant with temperature, as can be
seen in Figure 6b, exhibiting also the smallest thermal sensitivity among the intensity
ratios considered.

For the Tm®*, Ho®* co-doped nanoparticles we observed a linear dependence with a
significant slope for the intensity ratio between the peaks located at 1480 and 1780
nm and 1780 and 1960 nm, respectively, as we observed before for the Tm®**-doped
nanoparticles excited at 980 nm, when the temperature increased. Additionally, the
relative thermal sensitivity calculated in this case is a little higher than when excited
at 980 nm, 0.61 % K- for the l14s0/l1780 and 0.52 % K* for the l17s0/l1960, Which would
indicate a better performance for the Tm®*, Ho%" co-doped nanoparticles excited at
808 nm.

The comparison among relative thermal sensitivities for all the samples analyzed in
this work and other ratiometric systems based on Ln-doped nanoparticles extracted

from the literature in the spectral range from the visible to the SWIR is presented in
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Figure 7a. In this graph, the spectral range in which the different nanoparticles can be
used is also included. As can be seen in Figure 7a, the relative thermal sensitivity
achieved by our nanoparticles in the SWIR region, especially those doped with Tm®*,
is higher than the one that can be achieved with most of the luminescent nanoparticles
that have been used operating in the I- and I1-BWs. Their thermal sensitivities are
only surpassed by Er,Yb:NaYFs nanoparticles operating in the visible [23],
Ho, Tm:KLu(WOa)2 [37] and Tm,Yb:GdVO4@SiO, core-shell nanoparticles [38]
operating in the I-BW and Nd:NaGdFs + CdS/PbS/ZnS composite structures
operating in the 11-BW [18]. Thus, we consider that the emissions in the SWIR of
these nanoparticles can be used as efficient luminescent nanothermometers. Figure 7b
presents the data reported in the literature on the penetration depth of biological
systems in different spectral regions. As can be seen the penetration depth in the
SWIR region acheived by Er,Yb:NaYF4 nanoparticles [22] and Er-doped complex
structures [39] is higher than the one that can be achieved in the 1-BW region with
Tm,Yb:CaF; [34] and in the 1I-BW region with Nd:LaF; [40], single-walled carbon
nanotubes [41] and CdS/PbS/ZnS quantum dots [42]. This penetration depth is only
surpassed by the one achieved in the I-BW by o-Tm:NaYFs@CaF, core-shell
nanoparticles, for which a penetration depth of 32 mm in pork meat was achieved due

to the high quantum yield, ~0.6 %, exhibited by these core-shell nanoparticles [43].
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Figure 7. (a) Comparison of the relative thermal sensitivities of Ln-doped luminescent thermometers
operating in the different spectral regions. (b) Penetration depth reported in biological systems in the
different spectral regions.

3.4 Ex-vivo luminescence thermometry in the SWIR

In order to prove the potentiality of these nanoparticles for temperature sensing
purposes in biological tissues, we performed a temperature sensing experiment inside
a piece of chicken breast. Tm,Ho:KLu(WQ4). nanoparticles were chosen for this
experiment since as they show the highest thermal sensitivity when pumping at 808
nm. Also, by using this excitation wavelength we avoid the heating of water contained
in the biological tissues that would happen if pumping at 980 nm. Chicken breast was
used since its characteristics are comparable to those of human tissues [44].
Tm,Ho:KLu(WO4), nanoparticles were deposited on a microscope glass slide on top
of which a slice of chicken breast ~2 mm in thickness was placed. Due to the
restrictions in optical setup used in the experiment, we were not able to place a thicker
slice of the chicken breast to heat investigate thicker depths. A heating gun with a
fixed power of 1 W was used to heat the chicken breast. A horizontal moving stage
was fixed to the heating gun for controlling its movement. The heating gun was
displaced away from the chicken sample to generate a decrease of temperature in the
biological tissue. Also, the maximum temperature that was achieved in the chicken
breast was controlled not to overpass 318 K (45 °C). A fiber-coupled diode laser with
emission at 808 nm and a power of 200 mW was focused on the nanoparticles by

means of a microscope objective with 40X magnification and N.A. = 0.6. The
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emission arising from the nanoparticles through the chicken breast was collected by
the same objective, and after passing a dichroic filter for elimination of the excitation
wavelength, was sent to the Yokogawa AQ6375 OSA to record the spectra. After the
analysis of the emission spectrum and comparing the obtained data with the
calibration curve in Figure 6b, the temperature was deduced. Moreover, in order to
verify the data, temperature was also recorded by a digital multimeter connected to a
small Pt-100 thermo-resistor located inside the chicken breast slide, very close to the
nanoparticles. The scheme of the setup is shown in Figure 8a.
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Figure 8. (a) Scheme of the setup used in the temperature sensing experiment inside the chicken breast. (b)
Temperature data recorded by luminescent nanoparticles and thermo-resistor (control) during the heating
process.
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The temperature profile of the heating process determined from the emission of the
luminescent nanoparticles and the Pt-100 thermo-resistor are shown in Figure 8b. In
this graph it can be observed that by moving away the heating gun from the chicken
sample, a temperature drop of ~1.5 K/cm was generated. The temperature dropping
could be monitored both with the Pt-100 thermo-resistor and the intensity ratio
determined from the intensity of the 1480 and 1711 nm emission lines of
Ho, Tm:KLu(WO4), nanoparticles. The intensity ratio showed a difference of 0.8 K to
respect the themo-resistor that might be due to the different thermal conductivity of
the two materials, or also to the different location of the thermal probes (the thermos-
resistor was located inside the chicken breast, while the luminescent nanoparticles
were located below it). The experiment demonstrates the potentiality of using
luminescent nanoparticles generating SWIR emission lines for temperature

determination purposes in biomedical applications.

3.5. Ex-vivo SWIR imaging experiment.

To prove the potentiality of the luminescent nanoparticles with emissions in the
SWIR for bioimaging applications, we used again a piece of chicken breast. An
scheme of the setup is shown in Figure 9a. In this case, a drop of the
Ho, Tm:KLu(WO.), nanoparticles dispersed in water, with a concentration of 0.5 mg
ml, was placed between two microscope slides, and a piece of chicken breast with a
thickness of 0.5 cm was placed over them. A continuous wave diode laser emitting at
808 nm wavelength with a power of 7.5 W, located at a distance of 5 cm from the
sample, producing a spot of ~ 3.5 cm on it, and thus an excitation density of 0.78
W/cm?, was used for exciting the luminescent nanoparticles. The signal was collected
by a Peltier cooled InGaAs infrared Xenics camera with an attached filters wheel that
allowed collecting the emission arising from particular wavelength ranges of interest
and eliminate the excitation laser. Figure 9b shows the images recorded in the SWIR
range. As can be seen, in the signal recorded using a 1300 nm longpass filter allows
identifying the shape of the chicken breast sample. This image would correspond only
to the ~1.45 pm emission arising from the Ho, Tm:KLu(WO4), nanoparticles, since
the spectral sensitivity of the InGaAs detector does not go beyond 1.7 pm. Thus, we
believe that with a detector that allows detecting beyond this limit, the bioimaging in
the SWIR region can still be improved. What is also important to remember is that

this image corresponds to the emission generated 0.5 cm below the surface of the
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chicken sample, thus indicating that at least a penetration depth of 0.5 cm can be

achieved using these nanoparticles.

_.]l_. 3

) 1300 nm longpass filter

Ocm 0.5cm

=4

Figure 9. (a) Scheme of the setup used for the ex-vivo SWIR imaging experiment. (b) SWIR images

|

biological sample

achieved using the light emitted by the Ho, Tm:KLu(WO,), nanoparticles covered or not with a piece of
chicken breast 0.5 cm thick.

Conclusions

In summary, we analyzed the SWIR emissions of Er®*, Tm% and Ho%* in different
hosts and their potentiality for luminescence thermometry in this spectral region. The
1.55 um emission line generated by the Er®* ion have two Stark sub-levels that are
thermally coupled and can be used in the temperature sensing purposes in biological
tissues or also for telecommunications system. However, the thermal sensitivity of
this emission is relatively low. In the case of Tm®* containing systems, the emissions
arising from the 3F, and 3H,4 energy levels, that are electronically coupled, provide a
channel that allows determining temperature by luminescence means, and in
particular the intensity ratio between selected lines corresponding to the ~1.45 pum
and ~1.8 pum emission bands shows a linear tendency as the temperature increased
that simplifies the calibration procedure for thermometers based on this parameter.
Tm,Yb:NaYFs nanoparticles were found to have the highest relative sensitivity
among other Tm**,Yb%* co-doped systems.

Adding Ho®" to the system generate an efficient energy transfer between the Tm3* and
Ho®" ions, that results in a new emission line centered at 1.96 um that can be used also
for luminescence thermometry purposes. The intensity ratio between the peak at
~1.45 um, corresponding to Tm®*, and the peak at ~1.96 um, corresponding to Ho®",
follows a linear evolution as temperature increases with a high thermal sensitivity.

Moreover, excitation at 808 nm of Tm3* and Ho®" co-doped samples increases the
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thermal sensitivity and introduces advantages in the possibility to use this system for
biological applications, since the 808 nm excitation wavelength lie in the I-BW and
avoids the heating of water contained in biological tissues when those are illuminated
with a 980 nm laser. The thermal sensitivities achieved under these conditions are
comparable to those that have been reported previously in luminescence thermometry
in the visible, and are higher than the one reported for most of the systems operating
in the I- and 11-BWs.

We demonstrated the potentiality of these emissions in the SWIR region for
luminescence thermometry and imaging in ex vivo experiments by monitoring the
heat generated by hot air in chicken meat, with a penetration depth of at least 0.5 cm
in this king of biological tissue.

We believe that the results presented here open the door to a new spectral biological
window in which luminescence thermometry can be used, especially in some specific
biological tissues, like those containing melanine, that have not been considered yet in

luminescence thermometry.
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CHAPTER 6

Photothermal converter materials

The heat generated by a material, if controlled, can be used as an instrument in many
applications, for instance in biomedicine for cancer treatment. Materials which are able to
absorb light and efficiently convert it into thermal energy are called photothermal converters. If
those materials have to be used in biomedicine, one has to take into account that human tissues
show a strong extinction coefficient in the visible range of the electromagnetic spectrum. Thus,
the photothermal agents used for these purposes should be especially designed to absorb light in
the range of wavelengths lying in the biological windows, opening the possibilities to treat
internal tumors. Graphene-based materials have emerged as promising photothermal agents for
photothermal therapy since they present high absorption cross-sections in these regions of the
electromagnetic spectrum. In the following chapter, we analyzed the photothermal efficiency of
graphene-based materials. Also, we developed a new fast and useful method for determining the
photothermal efficiency based on the use of an integrating sphere. We validated it by comparing
the photothermal efficiency of gold nanorods measured by using our method and the time
constant method, well established in the literature. Finally, we applied this method to determine
the photothermal efficiency of graphene (G) and graphene oxide (GO), and analyzed the
dependence of their heat converting capacity on the material concentration in the solvent, the
laser power irradiation and the wavelength of the laser with which those photothermal agents
were illuminated.

Moreover, if the photothermal agent is a multifunctional material,from which
information, like local temperature production can be extracted or they can be used for
bioimaging in real time, would facilitate the application of this material for therapeutical
treatment and prevent serious damages in healthy surrounding tissues, when the system

generates an overheat. Here, we are presenting also the multifunctional Ho®*, Tm%* co-doped
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KLu(WOs4), nanoparticles. These nanoparticles have the ability to generate heat when
illuminated at 808 nm as an increased probabiltiy of non-radiative processes to occur between
Ho® and Tm®* ions. Additionally, the emission lines, generated by these nanoparticles and
located at 696 and 750 nm, which lye in the first biological window, possess temperature-

dependent properties with a high thermal sensitivity.
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Determination of photothermal conversion efficiency of graphene and graphene
oxide through an integrating sphere method

Ol. S. Savchuk, J.J. Carvajal,” J. Massons, M. Aguild, F. Diaz

Physics and Crystallography of Materials and Nanomaterials (FICMA-FiCNA) and EMaS, Universitat Rovira i Virgili
(URV), Marcel-li Domingo 1, E-43007 Tarragona, Spain

Abstract: We report a new method for the determination of photothermal conversion efficiency
of photothermal agents, based on the use of an integrating sphere. We validated this method by
comparing the photothermal conversion efficiency of Au nanorods calculated by this method
and by the more conventional time constant method. Then, we applied this method to determine
the photothermal conversion efficiency of graphene and graphene oxide nanosheets dispersions
in dimethylformamide and water, respectively, finding out that they are excellent photothermal
agents with photothermal conversion efficiencies among the highest reported up to now. We
also analyzed the influence of the concentration of the materials, and the wavelength and power
of irradiation in the temperature increase that can be achieved with them, finding out that they
can be used, for instance, in cancer treatment through hyperthermia procedures with reduced

costs when compared to other photothermal agents.

1. Introduction

Heat can be used as an instrument to increase death rate in cells, useful to treat diseases
as cancer, for instance [1]. Increasing the temperature of biological molecules above the limit of
39 °C induces chemical reactions leading to unwanted products that damage cells and tissues
(denaturation) in performing their functions, and finally at a temperature above 48 °C necrosis is
induced. Thus, if controlled, heat may be used to treat abnormal cells, such cancer cells, through
hyperthermia treatment. However, heat also affects negatively to health tissues. Thus, predicting
and controlling the temperature distribution in a body region during hyperthermia treatment is
mandatory [2].

Conventional methods of temperature promotion in abnormal cells can be classified by:
(i) external heating mainly used for superficial tumors, induced by radiofrequency [3],
microwave [4] or ultrasounds [5]; and (ii) internal heating for non-superficial tumors using
electrodes or antennas located very close to the tumor [6, 7]. However, these methods face great
difficulties deriving mainly from the complex nature of organs and tissues, and undesirable

hyperthermia effects induced in surrounding tissues.
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To avoid the non-specific heating of surrounding tissues, especially in the case of non-
superficial tumor treatments, laser irradiation at near-infrared (NIR) frequencies has been
explored [8]. This radiation is less absorbed by biological tissues, thus, penetration depths of
several centimeters in biological tissues can be achieved using this radiation [9-11].To use this
kind of radiation in an effective way, the use of photothermal agents that can convert the NIR
light energy into thermal energy is indispensable. Photothermal agents mainly include: (i) metal
plasmonic nanostructures (Au nanostructures [12], Pd-based nanosheets[13] and Ge
nanoparticles [14]); (ii) organic compounds (polyaniline [15], polypyrrole [16], dopamine-
melanin [17], polymers [18]); (iii) nanoparticles with ferromagnetic properties alone, or
combined with good absorbers in the NIR region (FePt [19], ZnFe,Os—reduced graphene oxide
[20], FesOs@polylactic acid coated with graphene oxide [21], WOsnanorods [22]); and (iv)
semiconductor nanoparticles (Cu.-xSe [23], CuS [24]).

Among these photothermal agents, Au nanostructures have the ability to accumulate
within a solid tumor in the body [12], and since their surface plasmon resonance can be tuned
within a broad range of wavelengths from the visible to the NIR [12], Au nanostructures can be
tailored for particular hyperthermia treatments. However, despite the excellent photothermal
conversion efficiency and great physical properties, Au nanostructures have bad photostability
after a long period of laser irradiation [25], and new photothermal agents have been developed
to overcome these problems. However, their photothermal conversion efficiency is low [23-25],
which implies the necessity of using a higher concentration of nanoparticles or a higher power
density of the laser irradiation to generate hyperthermia. Another problem is that the size of
these photothermal agents is considerably big, which reduces the time of blood stream
circulation before their deposition in blood vessels [26]. From another side, although the use of
magnetic nanoparticles allows having contrast agents for tomography and magnetic resonance
imaging [19-22], the powerful femtosecond laser irradiation needed to excite them and increase
the temperature of biological tissues, generates microbubbles that cause irreversible damages
[19].

Thus, an ideal photothermal agent should meet several requirements, as suitable
nanosize and uniform shape, good dispersability in agqueous solution or biological compatible
fluids, large NIR absorption cross-section, high photostability and low cytotoxicity in living
systems.

Graphene-based materials have emerged as promising photothermal agents for
photothermal therapy especially due to their high absorption cross-sections in the NIR that can

be combined with the ability to modify chemically those materials to use them also as drug
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loaders [27]. Photothermal therapy based on graphene materials has been extensively
investigated for cancer therapy [28-33], and antibacterial treatment [27]. Also, magnetic
nanoparticles that acted as good contrast agents for magnetic resonance have been used together
with graphene-based materials [21], in which the photothermal effect could be enhanced by
applying an external magnetic field [34]. On the other hand graphene (G) can be functionalized
with fluorescent dyes or up-conversion nanoparticles that can serve as imaging probes for
photothermal therapy [35]. Moreover, graphene-based magneto-plasmonic nanocomposites have
been developed for simultaneous enhancement of the NIR absorption and multimodal imaging
guided cancer therapy [34]. This is especially important when operating in the so-called
biological windows [36] corresponding to the 650-950 and 1000-1350 nm spectral ranges,
where tissue scattering and absorption are minimized, and where graphene-based materials can
operate efficiently [37].

Despite the large number of studies about the use of graphene-based materials on
photothermal therapy, there are no reports on determining the photothermal efficiency of these
graphene-based materials with the objective of predicting and controlling the temperatures that
can be generated with them.

In the present work we developed a fast and effective method for determining the
efficiency of the heat production after laser illumination based on the use of an integrating
sphere. We validated it by comparing the photothermal efficiency of gold nanorods measured by
using the integrating sphere and the time constant method [38], well stablished in the literature.
Finally, we applied this method to determine the photothermal efficiency of graphene (G) and
graphene oxide (GO), and analyzed the dependence of their heat converting capacity on the
material concentration in the solvent, the laser power irradiation and the wavelength of the laser

with which those photothermal agents are illuminated.

2. Experimental Section

2.1 Photothermal agents

A GO colloidal suspension dispersed in distilled water, with flake sizes between 300
and 700 nm and 60% of the sample with a thickness of 1 atomic layer, provided by Graphene
Market and a G colloidal suspension dispersed in dimethylformamide (DMF), with flake sizes
between 150 and 3000 nm and 60% of the sample with a thickness of 1 atomic layer, provided
by Granph Nanotech, were used as photothermal agents. DMF, although not being a biological

compatible fluid, was used since it has a surface tension similar to the surface energy of G, and
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thus prevent G nanosheets from aggregation. The colloids were diluted for obtaining different
concentrations, from 0.5 to 5 g/l in the case of GO and from 0.05 to 1 g/l in the case of G. Since
G has a larger absorption cross-section in the NIR, we reduced its concentration to obtain
comparable results with those obtained when using GO.

Citrate-caped gold nanorods with an axial diameter of 25 nm, a length of 50 nm, and a

concentration of 150 pg/ml were provided by Strem Chemicals.

2.2 Absorption measurements

The optical absorption measurements of the GO, G and Au nanorods in solutions, with
a concentration of 1 g/l, 1 g/l and 150 pg/ml, respectively, were recorded using a Varian Cary
500 Scan spectrometer. This spectrometer has two monochromators with a 1200 lines/mm
grating for the UV/VIS region and a 300 lines/mm grating in the NIR region. The optical
sources used were a deuterium lamp and a quartz halogen lamp in the zone of visible and
infrared. The detectors were a photomultiplier tube in UV/VIS region (175 — 850 nm) and a lead
sulfide diode in the IR region (850 — 3300 nm).

2.3 Photothermal conversion efficiency determined from the time constant

For photothermal conversion measurements, 0.3 ml of samples were introduced in a
glass cuvette (Helma Analytics) with dimensions 2x1 cm. Solutions were irradiated with a
Lumics fiber-coupled diode laser emitting at 808 and 980 nm in order to study the wavelength
dependent photothermal conversion. In the case of Au nanorods, they were irradiated with a 650
nm diode laser. The laser beam was focused on the cuvette with a collimating lens, allowing a
beam diameter of 5 mm on the sample. The temperature evolution was recorded by a digital
multimeter connected to a small Pt-100 thermo-resistor located inside of the cuvette. After
around 10 min of irradiation, the sample reached the thermal equilibrium, and thus the
maximum temperature for a particular laser power irradiation. After that, laser irradiation was
switched off for allowing the sample to cool down to the room temperature while data were

recorded in the cooling cycle.

2.4 Photothermal conversion efficiency using an integrating sphere

For photothermal conversion efficiency using an integrating sphere the glass cuvette
containing the sample (GO in water with a concentration 1 g/l or G in DMF with a concentration
1 g/l) was placed inside the integrating sphere, perpendicular to the laser irradiation provided by

the fiber-coupled diode laser emitting at 808 and 980 nm, with a power of 200 mW. The laser
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from the fiber tip was collimated with a spot size of 5 mm in diameter on the sample. A baffle
was introduced in the integrating sphere, between the sample and the detector, in order to
prevent the direct reflections from the sample to the detector. The signal was collected using a
powermeter Ophir Nova II. An scheme of the experimental setup used for these measurements
is provided in Figure 1.

baffle

Detector —»
(powermeter)

Laser irradiation

Figure 1. (a) Scheme of the setup for photothermal conversion efficiency measurements.

3. Results and Discussion

Figure 2(a) shows the room temperature visible-NIR absorbance spectra of 1 g/l GO
and 1g/l G nanosheets colloidal suspensions in water and dimethylformamide (DMF),
respectively. In the case of GO, the absorbance falls almost exponentially from the UV region to
the NIR region. Instead, G shows an almost constant absorbance all over the visible and NIR
regions, higher than the theoretical one that would be expected for monolayer graphene [39], but
similar to that reported for other graphene samples [40]. The inset in the figure shows the
absorption of GO and G in the so-called first biological window (650-1000 nm) [36] and we can
observe that the absorption of GO decrease slightly in this range of wavelengths, while that of G

is almost constant.
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Figure 2. Absorption spectra of GO in water and G in DMF in the visible and NIR ranges. Inset shows a magnification

of the curves in the 650-1000 nm range, coinciding with one of the biological windows.

We focused our attention on two particular wavelengths that are often used to
illuminate photothermal agents, 808 and 980 nm, since they also constitute two consolidated
laser wavelength technologies. GO shows an absorbance of 4% at 808 nm that is reduced to 2%,
at 980 nm. Instead, G shows an absorbance one order the magnitude higher at 808 nm (48%),
and it is maintained at 980 nm (49%).

We compared the temperature increase of the GO and G dispersions in water and DMF,
respectively, at two different irradiation wavelengths. Figure 3(a) shows the results of the
irradiation with 980 nm. It should be noted that after approximately 10 minutes of irradiation
time, the system reached the steady state (see Figure 3(a)), when the heat produced by the
material is compensated by the heat irradiated to the environment. The temperature increase for
GO in water is about 3 °C, however for G in DMF the temperature increase is 4 times higher,
around 12 °C. At 808 nm, the temperature increase for GO in water is about 4 °C, higher than
that obtained at 980 nm due to the higher absorption of GO at this wavelength, while that of G
in DMF is 15 °C, as can be seen in Figure 3(b).
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Figure 3. (a) Temperature profile of the G and GO under the same conditions with 980 nm irradiation wavelength; (b)
Temperature profile of G and GO at 808 nm irradiation wavelength.

We also investigated the influence of the GO and G concentrations and the power of
the laser irradiation on the temperature that can be achieved in the liquid dispersions. The results
of these analysis for GO in water are shown in Figure 4(a). As can be seen, the temperature
increases almost linearly as the power of the laser increases. When illuminated at 980 nm, the
temperature increase ranged from 4 °C at an irradiation power of 200 mW to 14 °C at the highest
irradiation power (800 mW) for a concentration of 5 g/l of GO in water. If we focus our
attention of the GO concentration on water, the temperature increase varied from 2 °C for a
concentration of 0.5 g/l to 7.5 °C for a concentration of 5 g/l, while keeping the irradiation
power at 400 mW. When illuminated at 808 nm, the temperature increase that can be achieved
was higher, as expected from the higher absorption of GO at this wavelength. It ranged from 3
°C for an irradiation power of 100 mW to 22 °C for an irradiation power of 800 mW for a
concentration of 5 g/l. The increase of temperature depending on the concentration of GO in
water also changed, achieving 2.5 °C for a concentration of 0.5 g/l and 12 °C for a concentration
of 5 g/l, while keeping the irradiation power at 400 mW in both cases.

In the case of G nanosheets dispersed in DMF, the results are shown in Figure 4(b).
The results are similar for both wavelengths, although higher at 808 nm, changing from around
6-9 °C at an irradiation power of 100 mW to 45-54 °C at 800 mW. The concentration
dependence of the heat produced, changed from 3-4 °C for a concentration of 0.1 g/l to 13-15°C
for a concentration of 1 g/l, at an irradiation power of 200 mW. Note, however, that the
concentration and power of the laser in the case of G in DMF had to be reduced in order to

maintain the range of temperature variation achieved previously on GO.
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Figure 4. Temperature change under 980 and 808 nm laser irradiation at different concentrations and different irradiation

powers of (a) GOnanosheets dispersed in water, and (b) G nanosheets dispersed in DMF.

For the G dispersion in DMF, the temperature change values that can be achieved under

these conditions are more or less double of those that can be achieved when using GO in water,
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using much less quantity of material in the solvent. This can be explained by the higher
absorption of G. These results show that just by changing the wavelength of irradiation, the
applied irradiation power or the concentration of the photothermal agent, we can vary the heat
produced by G or GO, achieving an appropriate value for a particular application. For instance,
it has been shown that cancer cells can be killed after maintenance at 42 °C for 15 — 60 min or
over 50 °C for 4 — 6 min [41]. These conditions can be achieved by using a concentration of GO
of 5 g/l in water, illuminated at 808 nm with a power of 800 mW, or a concentration G of 1 g/l
in DMF, illuminated at 808 nm with a power of 400 mW.

We determined the photothermal efficiency of G and GO by using an integrating
sphere. In the scheme presented in Figure 5, we show the basic processes of interaction of light
with a photothermal agent. The incident light (0) can be: (1) absorbed by the material; (2)
absorbed by the cuvette and the solvent; (3) scattered and reflected from the wall of the cuvette

or the surface of material; (4) the non-reflected and non-absorbed light can be transmitted.

Figure 5. Scheme showing the interaction of the light with the material (G and GO in this case) when using an

integrating sphere.

In our calculations we have assumed that all the light absorbed by the photothermal
agent is transformed to heat. Taking into account that with the integrating sphere we are able to
measure reflected, scattered and transmitted light, the photothermal conversion efficiency can be
calculated by the following equation:

_ Pheat __ Pplank—Psample (1)

n

Pinc Pempty_Psample
where Pempy define the power that was measured in the integrating sphere without sample,

Psample i the power that was measured when the sample was inside of the sphere, Ppjank is the
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power measured when only the solvent was present in the cuvette inside of the integrating
sphere.

The photothermal efficiencies calculated by this method for G and GO after
illumination at 808 and 980 nm are listed in Table 1, together with the parameters used to
determine them. The results show that the photothermal efficiency of G in DMF is around 63-67
(£ 5) %, and quite similar at the two wavelengths analyzed. However, the photothermal
efficiency of GO in water depends on the wavelength used to irradiate the sample, being higher

at 808 nm, as expected, since the optical absorption of GO is higher at this wavelength.

Table 1. Data of calculated photothermal efficiency using the integrating sphere.

. Wavelength Incident power Psample -~
Material of irradiation (nm) (mwW) Pempty (MW) Pblank (MW) (mw) Efficiency (%)
G 808 200 6,2 4,37 0,58 67+5
GO 808 200 6,2 4,38 19 58+ 5
G 980 200 7,82 5,32 1 63+5
GO 980 200 7,82 4,07 2,02 35+5

Table 2. Photothermal conversion efficiency of G and GO compared with other photothermal materials reported in the

literature.
. Irradiation Incident Efficiency

Material wavelength (nm) | power (W) Method (%) Ref.
Hollow Au-Ag alloy nanourchins 808 1 Time constant 80.4 [12]
Au nanorods 815 0.151 Time constant 61 [42]
Au/AuS nanoshells 815 0.161 Time constant 59 [42]
Cur.2S4 nanoparticles 980 0.29 Time constant 56.7 [43]
Au nanorods 808 2 Time constant 50 [44]
Dopamine-melanin coloidal nanospheres 808 2 Time constant 40 [17]
808 1 Time constant 37 [45]

Biodegradable Au nanovesicles
Au/SiO, nanoshells 815 0.163 Time constant 34 [42]

1 pJ per Pconverted to heat

FePt nanoparticles 800 pulse Percitation 30 [19]
CusgSs nanoparticles 980 0.51 Time constant 25.7 [23]
Au nanoshell 808 2 Time constant 25 [44]
CuzxSe nanoparticles 800 2 Time constant 22 [24]
Au nanorods 808 1 Time constant 22 [45]
Au nanoshells 808 1 Time constant 18 [45]
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The high values of photothermal efficiencies we determined for G and GO are among
the highest reported for photothermal agents, as can be seen in Table 2 where we included data
of photothermal efficiencies of other photothermal materials reported in the literature.
Especially when illuminated at 808 nm, they are higher than those reported for Au
nanostructures [7, 10, 46], semiconductors materials [47, 16, 17]; polymer nanostructures [45,
48], or nanoparticles with ferromagnetic properties [13]. Only Au-Ag alloy urchin shaped
nanostructures show a higher efficiency of ~80 % [12], but G and GO can be produced at a
more competitive price when compared to this alloy. When irradiated with a laser beam with
emission at 980 nm, while G is still the most efficient photothermal agent, other materials like
Cu72S4 nanocrystals show a higher photothermal conversion efficiency [43] than GO. Still,
however, GO is one of the materials with the highest photothermal conversion efficiency at that
wavelength.

This higher photothermal conversion efficiency of G and GO as photothermal agents is
important, since they can be used to combat cancerous cells but using a lower concentration of
material, a shorter irradiation time and a lower irradiation power, which apart from being more
cost effective, is safer for the healthy tissues of the body. If we compare the results obtained for
G and GO, despite the photothermal efficiency determined for G is higher, it is not dispersible in
water, or any other suitable solvents for biological applications, unless a chemical
functionalization process is developed that, of course, will affect to its light absorption
properties, and thus, will modify its photothermal conversion efficiency. From another side, GO
although having lower photothermal efficiency than G, since it can form hydrogen bonds
between the polar functional groups present on its surface and the water molecules surrounding,
it and can form a stable colloidal suspension, thus, having advantages for potential biomedical
applications. In this context, it is worth to mention that the attachment of polyethylene glycol
(PEG) to graphene derivatives increased substantially the optical absorption of these materials,
increasing substantially their photothermal conversion efficiency [28, 30, 31, 33]. In front of
other photothermal agents, such as Au nanostructures, a part from the higher photothermal
efficiency, G and GO have an additional advantage, since Au nanoparticles tend to change their
shape when illuminated with a high laser power, thus modifying their plasmonic resonances [49]

which will decrease significantly their photothermal efficiency at that particular wavelength.
Table 3. Comparison of the photothermal conversion data reported in the literature for different graphene-based

materials for an irradiation wavelength of 808 nm
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Material Concentration Power Absorbance | ATmax | Time | Reference
gl density (°Cc) (s)
(w
cm?)
PEGylated 0.5 2 0.5 35 180 [28]
nano G
Nano 0.02 0.6 19 27 480 [29]
reduced GO
Nano GO 0.02 0.6 2 12 420 [29]
PEGylated 0.01 1 0.2 29 300 [30]
nano
reduced GO
PEGylated 0.01 1 0.22 29 300 [30]
reduced GO
PEGylated 0.01 1 0.07 15 300 [30]
nano GO
PEGylated 0.001 7.5 0.55* 34 600 [31]
GO
nanoribbons
PEGylated 0.001 7.5 0.22* 20 600 [31]
reduced GO
GO 0.001 7.5 0.05* 5 600 [31]
nanoribbons
Glucose 0.1 7.5 0.32% 38 120 [32]
reduced GO
+Fe
catalyst
Hydrazine 0.1 7.5 0.32% 45 120 [32]
reduced GO
GO 0.1 7.5 0.02% 10 120 [32]
PEGylated 0.01 0.1 11 30 460 [33]
GO
nanomesh
PEGylated 0.01 0.1 0.39 16 460 [33]
reduced GO
nanoplates
PEGylated 0.01 0.1 0.42 15 460 [33]
reduced GO
GO 0.01 0.1 0.03 5 460 [33]
nanomesh
GO 1 1 0.05 4 400 This work
G 1 1 0.48 15 400 This work

* The absorbance has been determined with a concentration of 1 g I,
# The absorbance has been determined with a concentration of 0.5 g I'.

When comparing the photothermal conversion efficiency of graphene-based materials
reported in the literature with the results presented in this manuscript, what we observed is that
in general the photothermal conversion efficiency reported in the literature is presented just as a
temperature evolution profile, similar to that shown here in Figure 3. This makes difficult the
task of comparing our results with those previously reported. However, we listed the available
data in the literature with the idea to stablish some comparisons between the results reported
previously and those achieved in the present paper. Table 3 shows this comparison.

As can be seen in the table, materials were excited at different laser power densities,
different concentrations were used, and even absorbances are plotted in different scales without
indicating if they are in a 1 scale or in %. This adds some difficulties to establish these

comparisons. However, some generalizations can be extracted from these data. First, GO is the
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graphene derivative showing a smaller photothermal conversion, with temperature increments of
the order of 4-5 °C, even in the form of nanomeshes or nanoribbons. From another side, it is
clear that reduced GO shows a higher photothermal conversion that can multiply by 9 the
temperature increment achieved by GO. Finally, another important tendency is that the materials
tending to show the maximum photothermal conversion are those that are linked to polyethylene
glycol (PEG) that also show the highest absorbance, indicating a synergistic effect between the
graphene derivative and PEG. It should also be noted that the same material in different sizes,
PEGylated nano reduced GO vs. PEGylated reduced GO for instance, tend to show the same
photothermal conversion, indicating that the lateral size of the graphene-derivative flakes does
not have an influence on the photothermal properties of the material. Thus, apparently from the
data reported, it seems that the photothermal conversion is linked to the absorbance of a
particular material: the higher the absorbance, the higher the photothermal conversion. Note
also, that in this comparison we did not include the composite materials of graphene or graphene
derivatives with other inorganic and organic materials developed also for photothermal
treatments, since it would difficult even more the task of establishing general tendencies.

To validate this new method for the determination of the photothermal efficiency of G
and GO, we calculated the phototermal efficiency of Au nanorods by using the integrating
sphere, and compared the photothermal efficiency obtained by this method with that obtained
using the time constant method [44], a method well established for this purpose. Figure 6 (a)
shows the absorption spectra of these Au nanorods, with 2 absorption bands located at 525 and
650 nm, corresponding to the transversal and longitudinal plasmonic resonances. We used this
last wavelength, with a power of 200 mW, to illuminate the Au nanorods and determine their
photothermal efficiency.

(a)

G

(c)*

— Au nanorods
s

%S 200 s

Absorbance (%)
Ln(aT)

Temperature change, AT (°C)

450 500 550

600 650 700 750 €00 850 90 950 1000
Wavelength (nm)

T ) Time (s)

Figure 6. (a) Absorption spectrum of Au nanorods, 25 nm in diameter and 50 nm in length. (b) Temperature profile
generated by Au nanorods being excited at 650 nm with a diode laser. (c) Time constant for heat transfer of the Au
nanorods by applying the natural logarithm of temperature change versus time data, which is obtained from the cooling
cycle shown in panel (b).
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To apply the time constant method, we take into account that the time evolution of the
temperature after the laser was switched off can be described by equation (cooling cycle in Fig.
6b):

t
AT = (Tax — Tamp) €xp (_ ;) 2
where AT is the change of temperature; Tmax iS the maximum temperature reached by the
sample, Tamp is the ambient temperature of the surroundings; t is time; and ¢ is the thermal time

constant. This thermal time constant can be calculated by:

_ Zimicp;

— @)
Here, h is the convective heat transfer coefficient, A is the external area of the cuvette and m;
and c,i are the mass and specific heat of each element of the system, respectively (glass cuvette,
solvent, heating material). The fitting of the temperature evolution data as a function of time to
equation (2) allows determining z from which we can determine the heat transfer coefficient h in
equation (3). Finally, the thermal conversion efficiency was calculated using the equation
proposed by Roper as following [38]:

_ hA (Tmax‘Tamb) —Qo
= a1 )

where Qo is the heat dissipated from the light absorbed by the glass cuvette and the solvent - that
was determined independently, by using a glass cuvette filled with the solvent- I is the laser
incident power, and A, is the absorbance of the material.

The photothermal efficiency calculated for Au nanorods using the integrating sphere or
the time constant methods are listed in Table 4.

Table 4. Photothermal efficiency for Au nanorods calculated by two methods.

. Wavelength Incident power Method of .
Material . . . Efficiency (%)
of irradiation (nm) (mw) calculation
Au nanorods 650 200 Integrating sphere 56 +5
Time constant
Au nanorods 650 200 52+5
method

As can be seen from the table, the values obtained by both methods are similar. Thus,
the method of determining the photothermal conversion efficiency using an integrating sphere
proved its expectations and can be used as another technique with more advantages than the
time constant method. Also, the value of the photothermal conversion efficiency calculated by
the time constant method is in a good agreement with those previously reported for Au nanorods
[38].
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Finally, and to show the compatibility of both methods for determining this parameter
in graphene-based materials, we compared the photothermal conversion efficiency values for G
and GO determined by the integrating sphere method and the time constant method. For that, we
determined the time constant from the cooling cycles of the evolution of temperature with time
for G and GO illuminated at 980 and 808 nm presented in Figure 3. The time constants for G
and GO are shown in Figure 7. Figure 8 shows the comparison of the photoluminescence
conversion efficiencies for G, GO and Au nanorods determined by both methods. As we can see
in the figure, the photothermal conversion efficiencies for all the materials considered is similar,
or even the same when the uncertainties are considered, independently of the determination
method used. This validates the method we developed using the integrating sphere for
determination of the photothermal conversion efficiency, that simplifies the procedures required

for the determination of this parameter.

(a) *°T980nm (b)
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Figure 7. Time constants for heat transfer of graphene and graphene oxide by applying the natural logarithm of

temperature change versus time data, which is obtained from the cooling cycles shown in Figure 3 after illumination at

(a) 980 nm and (b) 808 nm.
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Figure 8. Comparison of the photothermal conversion efficiencies of graphene, graphene oxide and Au nanorods

determined by the time constant and the integrating sphere methods.

336



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 6 Photothermal converter materials

4. Conclusion

In conclusion we developed and validated a new method for determining the
photothermal efficiency of G and GO using an integrating sphere. Compared to the time
constant method for determining the same parameter, the integrating sphere presents the
advantage of simplicity. By applying this method we found that the photothermal efficiency of
G and GO are among the highest reported for photothermal agents, which identify them as
important photothermal agents for biological purposes, such as eliminating cancer cells by
hyperthermia treatments. Even, from the data reported in the literature for other graphene
derivatives, if those materials are functionalized with PEG or are produced in the form of
nanoribbons or nanomeshes, their photothermal conversion efficiencies might be higher. This
method is not exclusive for graphene-based materials, but can also be used for any photothermal
material, and will allow detecting differences in phototermal conversion efficiency when the
absorbance properties of the materials are different, since the method is sensible to these
changes, with the additional advantage that it is not necessary to know the optical absorbance of
the material to be analyzed in advance. We also analyzed the influence of the concentration of G
and GO, and the wavelength and power of irradiation in the temperature increase that can be
achieved with them. The results indicate that by using a concentration of GO of 5 g/l in water
illuminated at 808 nm with a power of 800 mW, or a concentration of G of 1 g/l in DMF
illuminated at the same wavelength with a power of 400 mW, we can obtain the temperature

increase required for cancer treatment by hyperthermia.
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Multifunctional Ho, Tm:KLuW nanoparticles for temperature sensing
applications

Ol. A. Savchuk,* J. J. Carvajal,** C. D. S. Brites,’L. D. Carlos,?> M. Aguilo,* and F. Diaz!
IFisica i Cristal.lografia de Materials i Nanomaterials (FICMA-FiCNA) — EMa$S, Universitat
Rovira i Virgili (URV), Campus Sescelades, Marcel.li Domingo 1, E-43007 Tarragona, Spain.
2Department of Physics, CICECO — Aveiro Institute of Materials, University of Aveiro, Campus

Universitario de Santiago, 3810-193 Aveiro, Portugal.

*Corresponding Author: joanjosep.carvajal@urv.cat.

1. Abstract

The unique properties of luminescent nanoparticles have the potential to impact the
photothermal therapy as they may conglomerate both heating and temperature measurement
valences. Here, we report the temperature dependence of upconversion emission of
Ho, Tm:KLu(WQ4), nanoparticles for application in luminescence nanothermometry, operating
in the first biological window with the highest thermal sensitivity ever reported for luminescent
systems operating in this spectral region, 2.8 % K™ at 300 K. Moreover, besides upconversion
the excitation beam can induce simultaneous heat release by the judicious proportion of Ho®*
and Tm®* ions in the nanoparticles. The particles display a maximum photothermal conversion

efficiency, of 3412 % highlighting their potential to be used in photothermal therapy.
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2. Introduction

Temperature is one of the basic and important variables in science. Many industrial and
scientific processes as well as different processes in everyday life depend on the temperature.® 2
In medicine, for instance, an elevated body temperature or fever is one of the basic diagnostic
signs of a viral or bacterial infection. Thus, an accurate determination and appropriate
monitoring of temperature can detect early stage diseases in the primordial phase of
development.® Non-contact thermometry techniques are slowly replacing the classical contact
temperature measurement techniques in remote applications, or in those in which these contact
with the thermal probe might distort the measurements or affect the body of analysis, offering
great advantages and a diverse field of applications® “f, Among the different non-contact
thermometry techniques, luminescence thermometry in which the temperature is inferred from
the luminescent properties of the sensor is one of the most promising ones, combining higher
spatial (10"t um), temporal (10 ps), and thermal (102 K) resolutions, in comparison with other
noncontact thermometric techniques, such as infrared thermometry? 47,

Among the different luminescence thermometry techniques, those based on the comparison of
the emission intensities arising from thermally coupled energy levels in trivalent lanthanide ions
(Ln%") doped systems are the most popular, maybe because they present a temperature
determination that is not affected by fluctuations in the concentration of the luminescence
centers and/or excitation source.”® Nonetheless, those systems still suffer from lower thermal
sensitivities, i.e. the ability of translate a small temperature change into a measurable change in
the luminescent properties, it can be increased by the proper choice of the energy levels to be
analyzed. If the energetic separation between the levels is small the thermal sensitivity is
reduced, on the other hand, if these levels are far apart, thermalization is no longer observed and
the rationalization of the response of the system is far more complicated. As the energy

difference becomes wider, the electronic population (and hence the concomitant luminescence

346



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 6 Photothermal converter materials

intensity arising from the upper thermally coupled level) will be abridged, which may introduce
problems from the instrumental point of view to detecting it.*

To overcome the aforementioned disadvantages, luminescent ratiometric thermometers have
been developed based on two emission bands arising from different trivalent lanthanide ions,
rather than a single one.?>® Such systems are excellent candidates for noncontact temperature
measurements with very high sensitivities and have potentiality for different applications at the
nanoscale, including the detection of ‘hot-spots’ in electronic microchips,®® the detection of
activation energies in catalytic reactions and melting point transitions from lipid membranes in
nanofluidic devices'®> and even for cryogenic temperature sensing applications in space
exploration.’® Some of ratiometric luminescent thermometers use downshifting mechanisms,
where an incident high energy photon is transformed by the material into lower-energy photons.
The high thermal sensitivity of such systems was demonstrated by some of us, using the
emission from distinct emission (Th% and Eu®"), located in the visible range of the
electromagnetic spectrum, at 545 and 612 nm, respectively. ** The spatial resolution achieved
(limited only by the experimental apparatus implemented) is within the 1-10 pum with a
maximum relative thermal sensitivity (Sy) of 4.9 % K™ and temporal resolution in the order of
the integration time used, 100 ms. This S; value compares favorably with the highest value
reported for multi-center thermometers,*? 14 15 1719 phyt also for single-center Ln%*-doped
systems.”% The Tb3* and Eu®* pair is the most used for multi-center luminescence downshifting
thermometers,'416 19 put other pair of ions, such as Tm**/Th?*,!2 Nd3*/Yb3*'7 or Tm3*/Ho%*8
have also been used for the same purpose. Ishiwada and co-workers developed a phosphor
thermometer based on Th*, Tm®: Y,0; particles that operated in a wide temperature range
from 323 — 1123 K. Under 355 nm excitation, the ratio between the emission intensities of the
Tm® (at 466 nm) and the Tb%* (540 nm) is strongly temperature dependent.’® Although, the
authors did not compute the thermal sensitivity of the system, we are able to compute S,=0.8 %
K™ (at 1023 K) from the published data. Marciniak et. al. have found that Nd3*,Yb®":LiLaP4O1
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nanocrystals possess a temperature-dependent luminescence intensity ratio between Nd%* (870
nm) and Yb® (980 nm) emissions, under 800 nm excitation. Moreover, the thermal sensitivity
of such system was found to be Yb3* concentration dependent and the best performance was
obtained for the 0.5% of Yb®* ion (0.3 % K™) 2. The upconverting thermometer of Pandey and
Rai is based on the temperature dependent of the blue upconversion emission generated from the
Ho®, Yb%, Tm3*:Y,0; phosphors, upon 980 nm excitation.*® Intensity ratio of the two emission
lines at 477 and 488 nm, arising from the radiative transition !G4 — *Hs of the Tm?®* ion and °F;
— 51 of Ho®* ion showed a linear tendency in 303—703 K temperature range, with a relative
thermal sensitivity was found to be 0.7 % K™.28 The use of the near infrared region of the
electromagnetic spectrum is due to the strong extinction coefficient of the biological tissues in
the visible range of the spectrum, resulting in a lower penetration depth of the light, in
comparison with that in the near infrared region. Luminescent materials for biological
applications should be especially designed to avoid the strong absorption of biological tissues,
presenting emission lines within the so called biological windows, spectral regions where these
effects are strongly mitigated.?® 2 Other common issue is related to their excitation at 980 nm,
strongly absorbed by the water, that may cause an significant increment of the temperature of
the biological tissues.?? %

The current trend in luminescence thermometry is multifunctionality. When the luminescent
thermometric materials can combine different functionalities, like photothermal heating and
thermometric functions, they present a crucial advantage of being able to control the thermal
dose delivered in a heat treatment, minimizing the use of invasive treatments and facilitating
chirurgical procedures. An example of implementation of these multifunctional systems was
reported by Carrasco et al. that controlled photothermal therapy in-vivo in a cancer tumor®
using Nd*:LaF; nanoparticles, which acted at the same time as nanoheaters and luminescent

thermal nanosensors.
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Here, we report Ho%**, Tm3* co-doped KLu(WO4), nanoparticles as new multifunctional heather-
thermometer nanoplatforms. We show that the emission lines at 696 and 750 nm, within the first
biological window (I-BW), can be used for luminescence nanothermometry, presenting the
highest relative thermal sensitivity ever reported for luminescent thermometers operating in this
spectral region. Moreover, the heat dissipation in the nanoparticles (ascribed to the increase of
the probability of non-radiative processes between Ho®* and Tmd* ions) is fine-tuned by
adjusting the relative Ho®**/Tm?* content demonstrating that the nanoparticles have the potential
to be used in photothermal therapy (real time heating and temperature monitoring can be made

simultaneously in a single nanoparticle).

3. Experimental Section

Synthesis of Ho, Tm:KLu(WO.), nanoparticles

Ho%* and Tm3* doped KLu(WO4), nanocrystals were synthesized by the modified Pechini
sol—gel method.?* Ho,03; (99.9999%), TmO3 (99.9%) and Lu,Os (99.9999%), were used as
starting reagents. They were dissolved in hot nitric acid instoichiometric proportions to form the
nitrate precursors. Concentrations of Tm3* between 5 and 15 % and Ho®* between 1 and 5 %,
substituting Lu®*, were investigated. Citric acid (CA), as the chelating agent and ethylenglycol
(EG), as the esterification agent, were also used in this reaction. The nitrate precursors were
dissolved in distilled water with citric acid in a molar ratio of CA to metal cations CM =
[CAJ/[METAL] = 1. Ammonium tungstate (NH4)2WO. (99.99%) and potassium carbonate
K2CO3 (99.99%) were added to the aqueous solution that was heated at 353K under magnetic
stirring during 24 h until the complete dissolution of the reagents. Then, EG was added to the
mixture in a molar ratio CE = [EG]/[CA] = 2. The solution was heated at 373K in order to

evaporate water and generate the polymeric gel. After that, the polymeric gel was calcinated at
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573 K for 3 h to obtain the precursor powders that were then calcinated at 1023K for 2 h to

eliminate the organic compounds and crystallize the desired nanoparticles.

Structural and morphological characterization

The crystalline structure of the obtained Ho, Tm:KLu(WO.), nanoparticles was investigated by
means of X-ray powder diffraction analysis using a Bruker-AXS D8-Discover diffractometer
using Cu K, radiation.

The morphology of the Ho, Tm:KLu(WO.), nanoparticles obtained by the modified Pechini
sol—gel method was investigated by using a transmission electron microscope transmission

electron microscope (TEM) JEOL 1011.

Elemental Analysis

Elemental analysis for Ho, Tm and Lu were performed by inductively coupled plasma optical
emission spectroscopy (ICP-OES) analysis on a Jobin Yvon Activa-M instrument with a glass
concentric nebulizer. The samples were digested under microwaves with 0.5 mL of hydrochloric
acid (HCI) and 1 mL of nitric acid (HNO3). After being digested under microwaves, the samples

were recovered in 50 mL of ultrapure water. The method is accurate within 10%.

Photoluminescence Emission

To compare the emission intensities of the different nanoparticles synthesized, the samples were
placed in a borosilicate vial with bottom flat and compacted to ensure that they fully fill the
bottom of the vial. This vial was introduced in a sample holder that was placed inside a
Labsphere 4GPS-020-SL integrating sphere, where the samples were excited with a 200 um
core diameter fiber-coupled laser diode from Apollo Instruments, Inc. emitting at 808 nm with a

power of 100 mW. The laser was collimated to a spot size of 3 mm on the sample. The emission
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arising from the nanoparticles was collected using an OSA Yokogawa AQ6373 spectrum
analyzer.

For the temperature-dependent experiments, the Ho, Tm:KLu(WO4)2 nanoparticles were placed
in a Linkam THMS 600 heating stage equipped with a BN disk that allowed an improved
temperature distribution in the chamber. The nanoparticles were excited by a fiber-coupled
diode laser at 808 nm with a power of 100 mW. The laser beam was focused on the sample by a
40 X microscope objective with N.A.=0.6 providing a spot size of around 20 um on the sample.
The emission was collected by the same microscope objective, and after passing a dichroic filter
to eliminate the scattered excitation radiation, was measured by a Yokogawa AQ63753 optical

spectrum analyzer.

4. Results and Discussion

iError! No se encuentra el origen de la referencia.(a) shows the X-ray diffraction (XRD)
patterns recorded for the Ho, Tm:KLu(WO4), nanoparticles containing different concentrations
of Ho** and TmS* ions. These nanoparticles crystallize in the monoclinic system with the C2/c
spatial group. The reference XRD pattern, corresponding to KLuU(WOa), (JCPDS file 54-1204),
was included for comparison. The Scherrer equation was used to calculate the crystallite size of
these luminescent nanoparticles. In all cases a mean size of 155+10 nm was obtained, indicating
that different dopant concentrations produce non-measurable changes on the crystallite size,
within the error of the technique.

Transmission electron microscope (TEM) images of the 1% Ho, 5% Tm:KLu(WOQO4), and 1%
Ho, 15% Tm:KLu(WO.), nanoparticles are shown in jError! No se encuentra el origen de la
referencia. (b) and jError! No se encuentra el origen de la referencia. (c), respectively. The
nanoparticles have an irregular shape with the presence of agglomerates with sizes up to 2 um, a

characteristic observation for nanoparticles synthesized by this method. In these agglomerates
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are discernible smaller nanoparticles, some of them showing rod-like structures with sizes

around 150 £10 nm in diameter and 1000+30 nm in length.
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Figure 1. (a) XRD pattern of the Ho, Tm:KLu(WO,), nanoparticles synthesized by the Pechini method containing
different dopant concentrations. TEM images of (b) 1% Ho, 15% Tm:KLu(WO,), and (c) 1% Ho, 5% Tm:KLu(WO,),

nanoparticles. Inset in (c) shows the presence of nanorods.

The up-conversion emission spectra of Ho, Tm:KLu(WO.), nanoparticles with different
concentrations of Ho%" and Tm?®*, excited at 808 nm and recorded using an integrating sphere are
shown in Figure 1a. The spectra consist of three separated emission bands located in the blue,
green and the red regions of the visible spectrum. These bands are generated by Tm3*-to-Ho%*
energy transfer, as previously reported for other host materials.?>?" To better understand this
process, we include a simplified energy level diagram of Ho®* and Tm®* ions in Figure 2(c),
together with possible absorption, emission and energy transfer processes involved in the
upconversion mechanism. First, the 808 nm radiation excites electrons of Tm3* to the *H, energy

level from where they non-radiatively relax to the 3F4 level. From here, the absorption of a
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second photon at 808 nm promotes the electrons to the G4 level, from which they relax
radiatively to the 3Hg ground state, generating the emission at 475 nm. Another possibility is that
the electrons relax non-radiatively from the 1G4 level to the 3F, 3 levels, from which can occur a
radiative transition to the ground state, generating the emission at 695 nm. The energy levels of
Ho® can be populated through: (i) energy transfer between the Tm3* 3H, level to the Ho®* ®ls
level and (ii) energy transfer from the *F4 manifold of Tm** to the °I; manifold of Ho%*, from
which also an energy back transfer process to Tm3* can occur. Besides the direct energy transfer
from Tm?*, the %I; manifold of Ho®* can also be populated by the non-radiative relaxation from
the 55 energy level. Also, from the 517 level of Ho®, the transfer of energy of a photon at 808
nm from Tm®* promotes the electrons of Ho®* to the higher energy levels °Ks and °Fs, from
where non-radiative decays populate the 5S; and °F4 energy levels resulting in a radiative
transition towards the °l; level, thus generating an emission at 755 nm, and towards the Slg
ground state, emitting photons with 545 nm. Finally, a radiative transition from the 5Fs level,
which is populated from the non-radiative relaxation of the 3Kg and 3F3 energy levels, to the °lg

ground state, generated the emission at 650—660 nm.
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Figure 1. Comparison of the emission intensity of Ho, Tm:KLu(WO,), nanoparticles excited at 808 nm with (a) the same
concentration of Ho®* and different concentrations of Tm® and (b) different concentrations of Ho®* and the same
concentration of Tm®. (c) Energy level diagram depicting the upconversion mechanism for the generation of the

emission spectra shown in (a).

When the concentration of Ho®* was kept constant at 1% w/w, the intensity of all bands
decreased as the concentration of Tm®* increased, as can be seen in Figure 1(a). On the other
hand, as the concentration of Ho®* increased (and keeping the Tm3* concentration constant at 5%
w/w), the intensity of all bands increases for a concentration up to 3 % Ho®', and later decreases,
Figure 1 (b). The concentration of dopants in the nanoparticles was measured by ICP, Table 1.
As the nominal concentration of Ho® and Tm3" in the precursor powders increased, the
concentration in the synthetized nanoparticles also increase- Keeping the Tm3* concentration
constant at 5% w/w show that an optimal concentration of Ho®* at around 3 % maximizes the

intensity of the emission intensity, at the same experimental conditions.

Table 1. ICP analysis of the dopant concentration of Ho, Tm:KLu(WO,), nanopatrticles synthesized by the Pechini

method.

Material Ho (%) Tm (%) Lu (%)
v 0, .
1% Ho, 5% Tm:KLu(WOu); 0.93 49 9417
0, 0, -
3% Ho, 5% Tm:KLu(WOa), 2.2 3.57 94.22
0, 0, -
5% Ho, 5% Tm:KLu(WOa), 5.08 5.16 BT
0, 0, .
1% Ho, 15% Tm:KLu(WQa). 0.98 11.57 87.44

We studied the evolution of the intensity of the emission bands which lies in the I-BW,% 2
generated from Ho, Tm:KLu(WOQ4), nanoparticles. Since the energy transfer process in Ho®",
Tm3 co-doped systems is strongly temperature dependent, 3 3! the ratio between the integrated
areas of the 3F,3—>3Hg (Tm®*, at 696 nm) and °S,,°F4—°1; (Ho®*, 755 nm) transitions can be
used or this purpose. We claim this observation based on the energy transfer and backtransfer

processes that may affect the emission intensities of the Tm®* and Ho®* transitions. The intensity
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ratio of the emission lines located at 696 and 755 nm for the Ho, Tm:KLu(WO4), nanoparticles
containing different concentration of dopants are shown in Figure 2(a) for the physiological
range of temperatures. As can be seen, and as expected, the intensity ratio is strongly
temperature dependent. In the absence of a complete physical model based on the rate equations
of the levels depicted in Figure 1c (involved in the energy transfer processes), the experimental

points were tentativelly fitted to an empirical exponential equation of the form:

L A, +Aexp (aT) (1)

I,

A=

where Ao, A and a are constants to be determited by fitting for each particle composition. The

calibration curves for the different nanoparticles are included in Figure 2(a).

17 30

+\ (b)

2,0

1%Ho, 5% Tm
3%Ho,5%Tm
5%Ho,5% Tm
1% Ho, 15 % Tm

1% Ho, 5% Tm

3%Ho,5% Tm
5%Ho, 5% Tm
1% Ho,15% Tm

4 pon

Intensity ratio

Thermal sensitivity (% K™)
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Figure 2 (a) Intensity ratio of the emission bands located at 696 and 755 nm of Ho, Tm:KLu(WO,), nanoparticles
containing different dopant concentrations as a function of temperature in the biological range of temperatures. (b)

Thermal sensitivity as a function of temperature in the biological range for the Ho, Tm:KLu(WO,), nanoparticles.

The intensity ratio corresponding to the 1 % Ho, 5 % Tm:KLu(WO4), nanoparticles show the
highest slope. The relative thermal sensitivity S, determines the material performance being

usefull for comparision purposes and is determined using:*2

_i‘@A‘_ Acexp(aT) (2)

"TAIOT| Ay +Aexp(aT)
where A=lggs/l7s5 i the experimentally measured thermometric parameter. The temperature

uncertainty is estimated from Eq. 2 as:

355



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 6 Photothermal converter materials
ST = LA _Ay+Aexp(aT) SA _ SA (3)
S, A Acexp(aT) A,+Aexp(aT) Aacexp(aT)

where 3A/A is the relative error in the determination of the thermometry parameter (8A is,
defined by the experimental setup).

The thermal sensitivity for the different Ho, Tm:KLu(WO,), nanoparticles is compared in Figure
2(b). The highest thermal sensitivity was found for the 1 % Ho, 15 % Tm:KLu(WOa):
nanoparticles, reaching a value of 2.8 % K™ at 300 K that exponentially decreases as the
temperature increases, reaching 0.3 % K™ at 333 K. The 1 % Ho, 5 % Tm:KLu(WO4),
nanoparticles exhibit a smaller relative thermal sensitivity over the 300-333 K range varying
from 1.9 to 0.3 % K™%, The comparison of the maximum relative thermal sensitivities achieved
with Ho, Tm:KLu(WO,), nanoparticles with those reported for other Ln%*-doped nanoparticles
with emissions in the I-BW is presented in Table 2. It is worth to mention, that up to now, only
single —center Ln®*-doped nanoparticles, mainly Nd**-doped, 3% and Tm®*, Yb* co-doped
nanoparticles (in which only the emissions of Tm® were considered),3“° were used for
luminescence nanothermometry in the I-BW. As can be seen, the maximum relative thermal
sensitivity of Ho, Tm:KLuW nanoparticles is one order of magnitude higher than those of the
Ln%*-doped systems operating within the I-BW reported up to now. The temperature uncertainty

was determined to be equal to 0.2 K, at 303 K.

Table 2. Comparison of Ln3*-doped systems used in luminescence nanothermometry operating in the 1 BW. The
temperature range (AT), the excitation wavelength (lec) the emission wavelenghs used to define the thermometric

parameter (A) and the reported the relative thermal sensitivity (S;) are presented for comparision.

Sr (% K

Material AT (K) hexc (Nm) A b Ref.
Ho® Tm3*:KLu(WOs4), 300 - 333 808 leos/ 1755 2.84 This work
Tm®,Yb*:GdVO4@SiO2 298 — 333 980 1700/ 1800 2.00 0
Nd*:Gd203 288 — 323 580 18241892 1.75 %
Tm®*,Yb**:0xyfluoride glass 293 - 703 980 1700/1s00 0.3 3
Nd**:LaFs 283 -333 808 lges/ 1885 0.26 3
Tm3,Yb**:LiNbOs 323-723 980 1700/ 1800 0.24 37
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Tm®,Yb*":CaF, 299 - 323 920 Hrs0/le0o 0.24 0
NA*":YAG 283 - 343 808 loaaloss 015 u
Nd®*:NaYFs 273-423 830 lses/leno 0.12 ®

Another important parameter for a nanothermometer is the response time. In order to evaluate
this parameter for Ho, Tm:KLu(WO4), nanoparticles we used a portable spectrometer (MAYA
Pro, Ocean Optics) controled by a homebuilt MathLab© GUI to read the emission lines at 696
and 755 nm from the upconversion emission spectra recorded by the spectrometer, and calculate
A, in real time. Figure 3 shows the intensity ratio between the 696 and 755 emission bands
generated by the 1 % Ho, 5 % Tm:KLu(WO,), nanoparticles as a function of time. From this
plot the value of the response time was estimated to be 250 ps, (the integration time of the
spectrometer), meaning that, probably, the real response time of our system is still shorter. From
this graph we can also estimate the thermal inertia of the system, corresponding to the time
when the value of the intensity ratio eraches a steady state value. The thermal inertia
measurement indicates that reliable measurements can be taken every 1.5 s for an induced

increment of temperature of 10 K.

896”?55)

Intensity ratio (

T T T T T T T T T T T
00 o0s 10 15 20 25 30 35 40 45 50

Time (sec)
Figure 3. Intensity ratio of the emission bands located at 696 and 755 nm of the 1 % Ho, 5 % Tm:KLu(WO,),
nanoparticles as a function of time (solid red line for eyes guiding).
Also, we find out that A varies with the excitation power density. Figure 4(a) shows this
dependence in the case of 1 % Ho, 5 % Tm and 1 % Ho, 15 % Tm co-doped KLu(WOa),

nanoparticles. In both cases, as the power density increases A increases. However, the changes
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in the intensity ratio are higher for the 1 % Ho, 15 % Tm:KLu(WO.). nanoparticles than for the
1 % Ho, 5 % Tm:KLu(WO4), nanoparticles. An increase in A means that the temperature also
increases and thus, this change in temperature can be correlated with the excitation power
density. In Figure 4b the temperature deduced from the calibration curve plotted in Figure 2a is
represented against the power density. As can be seen in the graph for the sample with a lower
concentration of Tm?* the temperature increased less than that for the sample with a higher Tm3*
concentration, this would mean that the first sample is generating less heat. This increase of
temperature can be correlated to the heat produced by the nanoparticles as a consequence of the
increased probability of non-radiative processes between Ho®* and Tm® ions as the Tm3*
concentration increases. As a result, the sample containing more TmS®* is converting the
absorbed energy into heat much efficiently than the sample containing less Tm®*, and as the
excitation power density increases, the more heat they produce. Thus, these results indicate that
these nanoparticles can be used simultaneously as luminescent nanothermometers and
photothermal nanoheaters. This would result beneficial, for instance, in hyperthermia
applications for tumor treatments, since the same nanoparticles can be used to generate heat and
thermometric response by a single laser beam paving the road to real-time temperature
monitoring and heat dose control, avoiding eventual damages in the healthy surrounding tissues

that result from excess of heating.

(a) = 1%Ho,5%Tm (b) ® 1%Ho,5%Tm
144 ® 1%Ho,15% Tm 1%Ho, 15 % Tm
/-:1 3304
\g é
= e
o E 320 4
% 1.2 @
- Q
é‘ E‘ 3104
w
[}]
g [
[
= 109 300 -
5‘0 1!‘}0 1%0 260 2&0 360
. 2 . 2.
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( C ) 10 Newton cooling law

(AT = 8.73 - 8.04 exp(0.00531/T )

=  Water
®* 1%Ho,15% Tm

Temperature change
'S

0 200 400 600 800
Time (s)

Figure 4 (a) Evolution of the intensity ratio with the excitation power density (solid lines for eyes guiding) for
Ho, Tm:KLu(WO,), nanoparticles. (b) Evolution of the temperature deduced from the calibration curve presented in
Figure 3(a) versus the power density. Solid lines are the linear fitting with r>>0.999 in both cases. (c) Temperature
increment that can be achieved with a dispersion of 1 % Ho, 15 % Tm:KLu(WO,), nanoparticles in water with a

concentration of 1.0 g L™* at an excitation power of 1 W.

The heat produced by the nanoparticles was evaluated with another experiment. 1 % Ho, 15 %
Tm:KLu(WOy4), nanoparticles were dispersed in water with a concentration of 1 g-L! and
placed in a glass cuvette. A fiber-coupled diode laser with emission at 808 nm (1 W) was
focused on the cuvette by means of collimating lenses producing a spot of diameter around 5
mm, giving a power density of 0.005 W cm™2, lower than the laser safety limit for biological
tissues (0.726 W cm™2)*. A thermo-resistor, was immersed in the cuvette to produce a
temperature readout for the solution temperature, Figure 4(c) to have an independent
temperature readout apart from the one that can be determined from the luminescence arising
from the sample. A temperature increase of about 8 K was achieved in the cuvette containing
the Ho,Tm:KLu(WO.). nanoparticles after 600 s of irradiation. For comparison, the same
experiment was performed in water only, and the heating was less than 1 K.

In order to compare the heating efficiency of these nanoparticles with others nanoheater
systems, we calculated the photothermal conversion efficiency using integrating sphere that was
validated with the time constant method,* and in details described elsewhere.** Powder
nanoparticles in the form of pallet was placed inside the integrating sphere, perpendicular to the
laser irradiation provided by the fiber-coupled diode laser emitting at 808 nm, with power

359



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 6 Photothermal converter materials

ranging from 0.030-0.500 W. The laser from the fiber tip was collimated with a spot size of 5
mm in diameter on the sample. A baffle was introduced in the integrating sphere, between the
sample and the detector, in order to prevent the direct reflections from the sample to the
detector. The signal was collected using a powermeter from Thorlabs (model Thorlabs S302C)
The photothermal conversion efficiency was calculated using equation:

P...—P
n = empty sample xlOO% ( 4)

sample
where Pempyy the power that was measured in the integrating sphere without sample, and Psampie iS
the power that was measured when the sample was inside the integrating sphere. The calculated

photothermal conversion efficiency is 34£2 %.

= 1% Ho, 15 % Tm:KLuw

i
!

Photothermal
conversion efficiency (%)

T T T T T
0 50 100 150 200 250

Power (mW)

Figure 5. Photothermal conversion efficiency of the 1 % Ho, 15 % Tm:KLuW nanoparticles as a function of excitation

power. Solid line represents the mean value of the photothermal conversion efficiency.

Moreover, the heating efficiency show negligible dependence on the excitation power, within
the range studied, as it shown in the Figure 5. In the Table 3, the list of the photothermal
conversion efficiency of different nanoheathers materials are presented for comparison. The
heating efficiency of the 1 % Ho, 15 % Tm:KLuW nanoparticles is in the middle range, higher
than for the metallic nanoparticles,** semiconductors,** “¢ and also some Au nanostructures, 47 4
49 but lower than the graphene and graphene oxide,** Au nanostructures,*” %° organic materials

(Table 3).%° However, the main advantage of our luminescent nanoheater system among listed in

360



UNIVERSITAT ROVIRA I VIRGILI
DEVELOPMENT OF NEW MATERIALS AND TECHNIQUES FOR LUMINESCENCE NANOTHERMOMETRY AND PHOTOTHERMAL CONVERSION
Oleksandr Savchuk

Chapter 6 Photothermal converter materials

the table is the multifunctionality, combining imaging, photothermal therapy and temperature

control using one single type of nanoparticles.

Table 3 The photothermal conversion efficiency of Ho,Tm:KLuW nanoparticles compared with others systems. The

wavelength (1) and the power (P) of the laser together with the photothermal efficiency ()

Material Mnm) P (W) n(%) Ref.
Graphene in DMF 808 0.2 67 s
Au nanorods 815 0.151 61 4
Au/AuS nanoshells 815 0.161 59 a
Graphene oxide in water 808 0.2 58 s
Au nanorods 808 2 50 8
Dopamine-melanin 808 2 40 0
biodegradable Au nanovesicles 808 1 37 4
1% Ho,15 % Tm:KLuW 808 0.2 34 This work
Au/SiOznanoshells 815 0.163 34 4
FePt nanoparticles 800 - 30 “a
CugSs 980 0.51 25,7 *
Au nanoshell 808 2 25 8
CuzxSe nanoparticles 800 2 22 4
Au nanorods 808 1 22 4
Au nanoshells 808 1 18 "9

5. Conclusion

In summary, we demonstrated that Ho®*, Tm3* co-doped KLu(WO,), nanoparticles are a
multifunctional material. These nanoparticles have the ability to generate heat when illuminated
at 808 nm due to the increased probabilities of non-radiative processes to occur between Ho3*
and Tm®* ions as the Tm®* concentration in the nanoparticles increases. Additionally, the
emission lines generated by upconversion processes in these nanoparticles and located at 696
and 755 nm, which lie in the 1-BW, can be used for luminescence thermometry purposes, with
thermal sensitivity of 2.8 % K™at 300 K, temperature uncertainty of 0.2 K. Regarding the

performance as nanoheather, the photothermal conversion efficiency was determined to be
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34+2 %, a value higher than that of semiconductor and metallic nanoparticles and which would
allow controlling the temperature achieved by the heating process generated by the same

nanoparticles in hyperthermia treatments, for instance.
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Conclusions

We developed novel contributions to the field of luminescent nanothermometry in
terms of new materials, combination of ions and new detection techniques never tested before
for this purpose. In this context, we studied the temperature dependence of the luminescence
properties of luminescent nanoparticles by conventional and upconversion mechamism, in the
range of the electromagnetic spectrum from the visible to the NIR.

Concerning the visible range of the electromagnetic spectrum:
. We provided a new possibility of temperature determination in biological
systems with Er¥* and Yb® doped NaY:FsO nanoparticles by using fluorescence
lifetime nanothermometry
. We also demonstrated that Tm®*,Yb%*:GdVO,@SiO; core-shell nanoparticles
can be used as visual thermochromic thermometers in the 300 — 673 K temperature
range, with high spatial resolution and high temporal resolution. We used these core-
shell nanoparticles to monitor the heating process of a Pt wire with a small diameter
decorated with our nanoparticles, generated by the Joule effect when circulating an
electrical current through it, indicating that they might be used to detect hot spots in
microelectronic chips.

. In Er¥,Yb**:GdVO.,@SiO, core-shell nanoparticles we have shown the

benefits of the SiO, coating on the thermometric properties of these nanoparticles,

achieving an enhancement of the thermal sensitivity by a factor of 2 compared to bare

Er¥*, Yb®*:GdVO, nanoparticles. Moreover, the SiO, shell protects the nanoparticles

from overheating during the excitation process. These core-shell nanoparticles show a

high thermal resolution (0.4 K) and the spatial resolution that can be achieved with

them is estimated to be of the order of their sizes. Furthermore, a good stability in
different solvents, like water, methanol and DMSO, make possible to use them in

biological applications as we proved by monitoring the increase of temperature of a

piece of chicken breast externally by hot air.
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Conclusions

. We introduced Ho**, Yb*:KLuW upconversion nanoparticles as a versatile
material for luminescence nanothermometry and in which different thermometric
techniques such as FIR of two thermally coupled Stark sublevels of the Fs manifold,
with emissions at 650 and 660 nm, the intensity ratio between the red and green bands,
the fluorescence lifetime and the change of the color perception of the emitted light
have been tested, showing in all cases similar results. One of the thermometric
techniques used in Ho®, Yb®:KLuW nanoparticles is the. Thus, we demonstrated that
we can use a single material to determine temperature by different luminescence
nanothermometry techniques. Additionally, an alternative way of the excitation at 808
nm was shown by adding the Tm®* ion in Ho®*, Yb®:KLuW nanoparticles. We studied
their upconversion emission dependence with temperature for two different excitation
wavelengths. In both cases system generates an emission bands that can be used in the
ratiometric technique of luminescence thermometry. In the case of excitation at 808
nm, the nanoparticles exhibited a higher thermal sensitivity in the biological range of
the temperatures.

) We developed a novel non-contact and non-invasive setup for luminescence
thermometry by using a digital color sensor that allows collecting signals
simultaneously in the blue, green and red channels, coupled to an excitation and optical
focusing systems, together with luminescent up-conversion nanoparticles with emission
in at least two of these channels. We demonstrated the potentiality of this setup for
temperature sensing in the biological range by using Er®*,Yb®:NaYF4 nanoparticles
emitting in the green and the red and in the larger temperature interval (up to 673 K)
with potential interest in microelectronics by using Tm*, Yb3*:GdVO, nanoparticles
emitting in the blue and in the red. Furthermore, we have shown that by embedding
Er®*,Yb®*:NaYF, nanoparticles in PDMS, we can generate transparent composites that
might allow the fabrication of thermometric microfluidic chips, in which the same chip
can act as a luminescent thermometer.

. We developed a greener synthesis method for Er®*,Yb**:NaYF, nanoparticles
through a microwave-assisted solvothermal method that allows producing these
nanoparticles at lower temperatures and reaction times. Furthermore, this synthesis
method allowed producing o and B phases for Er®*Yb*:NaYF, separately. The
analysis of the temperature dependent upconversion emission of these nanoparticles for
luminescence nanothermometry allowed us to conclude that nanoparticles with bigger

sizes in the nanoscale posses a higher thermal sensitivity. We used these nanoparticles
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to visualize the temperature distribution generated by a graphene layer deposited on a
microscope slide cover glass when illuminated with a laser emitting at 808 nm, with a
thermal resolution of 0.1 K.
Concerning the NIR region of electromagnetic spectrum where biological systems
show less absorption and scattering:
. We have investigated the upconversion emissions generated by
Tm®,Yb**:GdVO,@SiO; core-shell nanoparticles located at 700 and 800 nm, that lye
in the first biological window, arising from the thermally coupled 3F, 3 and *H, energy
levels of Tm?*, respectively. We obtained a thermal sensitivity of 2.26 % K%, which is
the highest ever reported for Tm3*, Yb® co-doped systems. We were also able to
internalize these core-shell nanoparticles in HeLa cells for biolabelling purposes.
. We analyzed the emission bands of Nd%*-doped KGd(WO,), nanoparticles
lying in the first and second biological windows, located at 883 and 1067 nm and
arising from the *Fsz — “lgiz and *Fsz — *l1yy transitions, respectively. The thermal
characterization of their luminescence properties indicate that they can be used as
luminescent nanothermometers in both spectral regions. The disaggregation and
dispersion of the nanoparticles we achieved when functionalized with silane molecules
indicate that these nanoparticles can be potentially used in biological systems, due to
their sizes of ~16 nm, which would prevent their sedimentation in blood vessels. We
also performed NIR imaging in biological tissues with these nanoparticles, achieving a
penetration depth of at least 1 cm in the first and second biological windows.
. We analyzed the temperature dependent properties of the infrared emissions
lying in the SWIR region of Er¥*, Yb® and Tm?, Yb®" co-doped nanoparticles. The
1.55 pm emission band generated by Er®* presents different Stark sub-levels that are
thermally coupled and that can be used for temperatutre sensing purposes. However,
the thermal sensitivity achieved with this emission is quite low (0.15 % K™1). In the
case of Tm?* containing nanoparticles, we observed that the intensity ratio between the
emission bands located at 1.45 and 1.8 um, and arising from the 3F, and 3H, energy
levels that are electronically coupled, shows a linear evolution as the temperature
increases that can be used for thermometric applications. Tm?®*,Yb%*:NaYF,
nanoparticles show the highest thermal sensitivity among other Tm*', Yb®" co-doped
systems. Adding Ho%* to the system generates an efficient energy transfer between
Tm?* and Ho*', resulting in the generation of a new emission band centered at 1.96 pum.

The intensity ratio between the Tm3* peak at around 1.45 um and the Ho®*" emission at
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1.96 um provides a new channel for luminescence thermometry with high thermal
sensitivity. Also these emissions can be used for bioimaging, achieving a penetration
depth of at least 5 mm in this spectral region.

From another side, we observed that some of the nanoparticles analyzed can also be
used as photothermal agents. We extended this study to other materials that can be used for the
same purpose, as graphene-based materials and developed a new method to determine their
thermal efficiencies that simplifies precedent procedures. Thus, concerning the photothermal
converter materials:

. We demonstrated that Ho%*, Tm®" co-doped KLu(WOQ4), nanoparticles act as
multifunctional materials. They have the ability to generate heat when illuminated at
808 nm due to the increase of non-radiative processes to occuring between Ho3* and
Tms* ions. Additionally, the emission lines generated by upconversion processes in
these nanoparticles and located at 696 and 755 nm, which lie in the I-BW, can be used
for luminescence thermometry purposes, with thermal sensitivity of 2.8 % K™at 300 K,
temperature uncertainty of 0.2 K. Regarding the performance as nanoheather, the
photothermal conversion efficiency was determined to be 34+2 %, a value higher than
that of semiconductor and metallic nanoparticles and which would allow controlling
the temperature achieved by the heating process generated by the same nanoparticles in
hyperthermia treatments, for instance.

. We developed a new method for determining the photothermal conversion

efficiency of photothermal agents using an integrating sphere. Compared to the time

constant method for determining the same parameter, the integrating sphere present the
advantage of simplicity, since we only need to perform a power balance of the system.

We applied this method to determine the photothermal efficiency of graphene and

graphene oxide flakes, and we found that is among the highest reported for

photothermal agents, which identify them as important photothermal agents for

biological purposes, such as killing cancer cells by hyperthermia treatments.
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