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Abstract

The luminescence spectra of upconversion nanoparticles (UCNPs) imbedded in fat tissue were
measured in a wide temperature range, from room to human body and further to hyperthermic
temperatures. The two types of synthesized UCNP [NaYF,:Yb*", Er’*] specimens, namely, powdered
as-is and embedded into polymer film, were used. The results show that the luminescence of UCNPs
placed under the adipose tissue layer is reasonably good sensitive to temperature change and reflects
phase transitions of lipids in tissue cells. The most likely, multiple phase transitions are associated with
the different components of fat cells such as phospholipids of cell membrane and lipids of fat droplets.
In the course of fat cell heating, lipids of fat droplet first transit from a crystalline form to a liquid
crystal form and then to a liquid form, which is characterized by much less scattering. The phase
transitions of lipids were observed as the changes of the slope of the temperature dependence of UCNP
luminescence intensity. The obtained results confirm a high sensitivity of the luminescent UCNPs to the
temperature variations within tissues and show a strong potential for providing a controllable tissue
thermolysis.
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1. INTRODUCTION
Luminescence-based techniques are excellent tools to investigate fundamental processes in life sciences. They represent
extremely important and powerful (bio)-analytical approaches in medicine, biology, and chemistry due to their fast,
sensitive (down to the single-molecule level), reliable, and reproducible detection procedures. There is a large variety of
molecular chromophores (e.g. organic dyes, metal-ligand complexes, lanthanide chelates, or fluorescent proteins) from
which one can choose for (bio)-imaging and sensing applications.'

Almost all luminescent nanomaterials require excitation by UV or visible light and show Stokes-shifted emission (i.e. the
emitted light has a longer wavelength than the excitation light. Therefore, they can be designated as downconverting
luminescent nanomaterials (nanoparticles). However, in recent years, a new class of nanoscale luminophores, which are
referred to as upconverting luminescent nanoparticles, has gained much scientific interest. Here, the emitted light has a
shorter wavelength than the excitation light.> Upconversion (UC) utilizes sequential absorption of multiple photons
through the use of long lifetime and real ladder-like energy levels of trivalent lanthanide ions embedded in an appropriate
inorganic host lattice to produce higher energy anti-Stokes luminescence.”” It thereby converts two or more low-energy
excitation photons, which are generally NIR light, into shorter wavelength emissions (e.g., NIR, visible, and UV). This
process is different from nonlinear multiphoton absorption in organic dyes and quantum dots (QDs), which involves
simultaneous absorption of two or more photons through virtual states.* The efficiency of a UC process is generally
several orders of magnitude higher than that of nonlinear multiphoton absorption, thus enabling UC to be produced by a
low-cost continuous-wave (CW) diode laser instead of the need of ultrashort pulse lasers for nonlinear multiphoton
excitation. The UCNPs have multiple attributes that make them well-suited for use in theranostics comprised of imaging,
drug delivery, and therapy. Their unique frequency conversion capability is usually unavailable for endogenous and
exogenous fluorophores, thus providing UCNPs numerous distinctive characteristics for medical diagnostics and therapy.
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For imaging, some of the advantages are: 1) virtually zero autofluorescence background allowing one to improve signal-
to-noise ratio; 2) large anti-Stokes shifts allowing one to separate easily the photoluminescence from the excitation
wavelength; 3) narrow emission bandwidths allowing for multiplexed imaging; and 4) high resistance to photobleaching
making it suitable for long-term repetitive imaging. In addition, UCNPs are nonblinking, less light scattering, and allow
for deep tissue probing because of excitation being in the NIR region that is within the optical transparency window.
Moreover, a new direction for theranostic UCNPs, utilizes hierarchically built nanostructures to combine UC
photoluminescence (PL) imaging with other imaging modalities such as magnetic resonance imaging (MRI),” computed
tomography (CT),® single-photon emission computed tomography (SPECT),” positron emission tomography (PET),* as
well as with therapeutics such as photothermal therapy (PTT),” photodynamic therapy (PDT),'®"" and gene and drug
delivery."? Indeed, significant advances in theranostics at application of UCNPs have been recently made by use of
nanochemistry that allows one to control their optical properties aiming to enhance upconversion at a selected
wavelength,” surface modification for phase transfer,'* and surface coupling chemistry for ligands that are targeting
biomarkers.'> The UCNPs have been extensively used for studies on imaging of living tissues and phantoms,'®'” and are
also quite promising for temperature sensing.'®'”

Adipose tissue surrounding the tumor and it is therefore important to remove it to ensure optical access to the tumor.
There are novel least-invasive optical methods providing reduction of regional or site-specific accumulations of
abdominal fat (so-called belly fat or stomach fat) under development. Structural alterations of the adipose tissue also take
place due to temperature change.”” A heating of the adipose tissue (AT) above the normal physiological range (~43-44
°C) causes degradation of fat cells?' affecting tissue optical properties. The higher orders of unsaturated fatty acids have
lower melting points.”* In clinical practice, an insufficient heating during treatment does not result in a required
therapeutic effect, whereas the overheating leads to the damage of healthy tissues. Therefore, arranging optimal
irradiation conditions is a crucial task for development of the laser photothermal therapy. The direct measurement of
thermal fields in the adipose tissue in proximity to thermophotosensitizers is an attractive feature for monitoring and
subsequent control of the tissue heating. At the same time, the photothermal treatment efficiency depends on the AT state
because of the heating process is associated with the phase transitions. The AT is characterized by a relatively low

melting temperature range, close to the physiological conditions.” Several phase transitions take place within 24...45
OC.24_26

One of the potentially promising methods for monitoring of the local temperature in tissue is based on the luminescence
of nanoparticles embedded into a heated region.””*® Due to reduction of scattering of the heated AT that is similar to
optical clearing, an alteration in the luminescent intensity occurs.”’

The major goal of the present study is the application the thermosensitive luminescent UCNPs (NaYF4Yb*', Er*") for
temperature monitoring within adipose tissues in vitro in a wide temperature range, from room to human body and
further to hyperthermic temperatures. Two types of UCNP specimens, namely, synthesized powdered as-is and
embedded into polymer film were used.

2. EXPERIMENTAL PROCEDURES

In this study, made in-house upconversion nanoparticles of sodium yttrium fluoride co-doped with Er’* and Yb*" ions
(NaYF4Yb*, Er'") were used. The nanoparticles (ca. 220 nm in size, see Figure 1) were synthesized by a hydrothermal
method. Field emission scanning electron microscope (MIRA 2 LMU, TESCAN) was used to obtain images of particles.
The particles were coated with SiO, (powder), or placed into a cellulose acetate film. Recently, low cytotoxicity of such
nanoparticles was shown.’'
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Figure 1. SEM (MIRA 2 LMU, TESCAN) image of the [NaYE,: Er**, Yb*'] UCNPs.

Figure 2 shows a schematic diagram of the experimental setup for the measurement of the temperature dependence of the
UCNP luminescence intensity. The particles were heated using a Peltier element with a temperature control sensor
(Perkin Elmer PTP 1, USA). Heating temperature was varied from 25 °C to 70 °C with increment of 5 °C. The samples
were kept at each temperature for 5 min. UCNP luminescence was excited by a laser diode with the wavelength of 980
nm, output power 108 mW and laser spot size 2.3x3 mm?* (DMH980-200, B&W Grason Technology CO., Ltd., China).
The luminescence spectra of the nanoparticles were recorded using a spectrometer (Ocean Optics QE6500 FL, USA).
The spectra were measured at a 500-ms integration time. A colored-glass light filter SZS-21 was used to suppress the
scattered excitation light. IR imager IRISYS 4010 (InfraRed Integrated System Ltd, UK) located at a distance of 30 cm
from a sample was used for non-contact measurement of a surface temperature of samples.
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Thermal Infrared Camera
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Figure 2. Experimental setup for the measurement of the temperature
dependence of the luminescence intensities of UCNPs (NaYF,:Yb*, Er’")

Samples of human abdominal adipose tissue (AT) taken after plastic surgery have been studied. The experimental study
was conducted in the Centre of Collective Use of Saratov State Medical University (Russia). After freezing at
temperature -18°C for 10 hrs, the samples were cut into thin slices (0.1 - 0.4 mm thick). Thickness of the samples was
measured with a micrometer at several points in the sample sandwiched between two cover glasses. The thickness was
averaged by 5 points with the typical SD of 0.02 mm. The AT samples under study were placed on a black surface of the
heating element above nanoparticles.
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Optical properties of the adipose tissue were determined using a spectrophotometer (Shimadzu UV-3600, Japan) with an
integrating sphere in the spectral range of 3002500 nm. The area of the samples was 3.0 - 3.4 cm’. The thickness of
experimental samples varied, amounting on average to 0.30£0.03 mm before exposure and 0.13+0.03 mm thereafter. To
monitor all of adipose tissue phase transitions, temperature was varied from 25°C to 70°C with increment of 5°C. To
heat the samples, a thermoresistor controled by applied voltage was used.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The luminescence spectra of the UCNPs (NaYF,:Yb*", Er’) for different temperatures: the film with the particles and
the powder are shown in Figure 3.
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Figure 3. The luminescence spectra of the UCNPs for different temperatures: the film with the particles (a) and the
powder (b); Aex = 980 nm.

The energy transfer from the Yb*" ion to the Er’* ion results in the transition of the acceptor to the *F;, level followed by
nonradiative relaxation to the *Ss, level (Figure 4). The 2H,,5, level can also be populated, as it is in thermal equilibrium
with the *S5), level. The populations of these closely spaced levels are described by the Boltzmann distribution law. The
Er*" ion can decay radiatively to the ground state from the 4S5, and 2H,yp, levels, emitting green light of wavelengths
around 550 and 525 nm, respectively. Each band is composed of numerous narrow emission peaks that are caused by
Stark splitting. Because the luminescence intensity is proportional to the population of the excited level, the intensity
ratio is described also by the Boltzmann law:

Li(M)/L(\,) = C exp(-AE/kgT), €))

where 7;(A;) and L,(A,) are the emission intensities of the S35, — *isp and *Hyy, — *Iysp, transitions of the Er’” ion,
respectively (in our experiments, A; = 546 nm and A, = 520 nm); C is a normalization factor (C is a constant) dependent
on the degree of degeneracy of energy level, the rate of spontaneous emission, and the energy of emitted photon; AE is
the energy gap between the two excited levels, given by AE=hAv, where /4 is the Planck's constant, kg is the Boltzmann’s
constant, and 7 is the absolute temperature. According to Ref. [30], to measure the local temperature of the UCNPs, the
values of the natural logarithm of the ratio of the nanoparticle luminescence intensities at the wavelengths A; = 546 nm
and A, = 520 nm were calculated. The temperature dependence is approximated as

Ln(l,/L,) = LnC + AE/ksT = A+BxT, )
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The accuracy of temperature measurement should be determined by the energy-gap parameter. Figure 5 shows the
obtained logarithmic temperature dependences for the ratio of luminescence intensities at the wavelengths A; = 546 nm
and A, = 520 nm of the UCNP (NaYF,:Yb*", Er’") polymer film (Figure 5a) and powder (Figure 5b) and for the same
UCNP samples, covered with a layer of AT with the thickness 0.1 and 0.2 mm, respectively.
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Figure 4. Schematic representation of the energy levels in the system of the Yb*" and Er’ ions.
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Figure 5. Temperature dependences of the natural logarithm of the ratio of luminescence intensities at the wavelengths A; = 546 nm
and A, = 520 nm of the UCNP (NaYF4:Yb3+, Er3+) polymer film (a) and powder (b) and for the same UCNP samples (+fat), covered
with a layer of AT with the thickness 0.1 and 0.2 mm, respectively
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The values of slope angles of the approximating lines for the UCNP polymer film and the UCNP powder obtained from
the energy difference between the two excited levels of erbium are presented in Table 1.

Table 1. Results of fitting for powder and film UCNPs

Film Powder Calculation, Eq. (2)
Ln (Isa¢/ Lis20) Ln (Bisae/ Iasoo)
A -2.78 -2.63
B 1230.2 1148.5 990.0

Referring to Figure 5, the coincidence of the temperature dependences of the natural logarithm of the ratio of
luminescence intensities at the wavelengths A; = 546 nm and A, = 520 nm between the polymer film with the UCNPs and
the same film covered with a layer of AT is worse than that for the UCNP powder.

Optical parameters of biological tissue in one phase state are constant; during phase transition, they change, in particular,
refractive index discontinuously.’® The increase of luminescence intensity at high temperatures can be explained by
tissue clearing associated with the phase transition of lipids. This is evident, for example, from the temperature
dependence of the luminescence intensity of the NaYF,:Yb>*, Er’* nanoparticles presented in Figure 6.

After the first phase transition (35 - 40°C) in AT, the temperature dependences for the powder and the powder covered
with adipose tissue are almost identical. The small difference can be explained by a good contact of UCNPs with AT.
For the film, the dependence is shifted up by a substantial constant value. In logarithmic dependence, this corresponds to
the appearance of a factor in the luminescence intensity ratio. This factor can be due to difference of losses arising from
scattering for two different wavelengths 546 and 520 nm and the absence of direct contact of UCNPs in polymer film
with AT.

The intensity ratio of the luminescence transmitted through the AT layer and obtained directly from the sample with the
nanoparticles should characterize changes in scattering properties of adipose tissue under changes of temperature. Since
scattering decreases with increasing wavelength, we have considered the following dependence for two wavelengths 539
and 653 nm. As Figure 6 suggests, at the wavelengths of A; = 539 nm and A, = 653 nm, the AT phase transition at a
temperature of 55°C is more pronounced for the films with the nanoparticles than for the powder.
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Figure 6. Temperature dependence of the ratio of luminescence intensities at 539 nm (a) and 653 um (b) for UCNP samples
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Scattering changes during phase transitions are also observed directly in the temperature dependences of the
luminescence intensity (Figure 7). In the figure, the curves obtained for luminescence and collimated transmission of AT
samples (7,) were combined. Behavior of the collimated transmittance changes abruptly in the region of 55 - 60°C. The
luminescence intensity changes synchronously. At the same time, the phase transition in the region of 30-35°C is
sufficiently clear to be seen on the luminescence curves. It should be noted that AT clearing through heating is better
observed for the sample with the UCNP film.
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Figure 7. Temperature dependences of the collimated transmittance 7, of AT sample (0.33 mm) (green); UCNP luminescence
intensity at 539 nm and 653 nm for film (a and c) (red) and powder (b and d) (black), AT layer of thickness 0.1 and 0.2 mm,
respectively

4. CONCLUSIONS

It has been shown the possibility of applying of the thermosensitive luminescent UCPs [NaYF4Yb®", Er'] for
temperature monitoring in adipose tissues in vitro in a wide temperature range, from room to human body temperatures
and above. The synthesized powdered UCNPs were used as-is and as embedded into polymer film. Temperature
dependences of the UCNP luminescence spectra for the UCNP polymer film and powder have been obtained. Since the
temperature detection sensitivity should be determined by the energy-gap parameter, the temperature dependences of the
natural logarithm of the ratio of UCNP luminescence intensities at the wavelengths A; = 546 nm and A, = 520 nm for the
polymer film and the powder, and for the same nanoparticle samples covered with a layer of adipose tissue were
obtained.
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The observed coincidence of the temperature dependences of the natural logarithm of the ratio of UCNP luminescence
intensities at the wavelengths A; = 546 nm and L, = 520 nm between the UCNP polymer film and the same film covered
with a layer of adipose tissue is worse than that for the UCNP powder.

The increase in luminescence intensity at high temperatures can be explained by tissue clearing associated with the phase
transition of lipids.

The intensity ratio of the luminescence transmitted through the adipose tissue layer and obtained directly from the
sample with the nanoparticles characterize changes in scattering properties of adipose tissue under changes of
temperature. The adipose tissue phase transition at a temperature of 55°C is more pronounced for the films with the
nanoparticles than for the powder. At the same time, three phase transitions (at the temperatures of 35, 55 and 60°C) can
be observed for the powder. The differences in the results can be partly explained by differences in the scattering
properties of the samples: luminescence light backscattering by the powdered nanoparticles surrounded by adipose tissue
in our experiments is substantially weaker than that by the nanoparticles embedded into polymer film.

The temperature dependences obtained for UCNP luminescence and collimated transmission of an adipose tissue sample
demonstrate the ability to detect phase transitions in adipose tissue. Behavior of the both dependencies changes abruptly
in the region of 55 - 60°C. At the same time, the phase transition in the region of 30-35°C is sufficiently clear to be seen
only on the luminescence curves. It should be noted that adipose tissue clearing through heating is substantially more
effective for the UCNP film than for the UCNP powder.

Thus, we can conclude that the possibility of simultaneous registration of the temperature of UCNPs placed under a layer
of adipose tissue and the phase transitions of adipocyte lipids was demonstrated.
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