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Abstract: The use of multiple wavelengths to excite Titanium Dioxide Raman scattering in the
near-infrared was investigated for optical nanothermometry. Indeed, Raman spectroscopy can be
a very interesting technique for this purpose, as it offers non-disruptive contactless measurements
with a high spatial resolution, down to a few pm. A method based on the ratio between the anti-
Stokes and Stokes peaks of Anatase Titanium Dioxide was proposed and tested at three different
wavelengths, 785, 800 and 980 nm, falling into the first biological transparency window (BTW-
I). Using a temperature-controller stage, the temperature response of the sample was measured
between 20 and 50 °C, allowing the thermal sensitivity for this range to be estimated. The use of
sufficiently high laser power results in the generation of local heating. A proof of concept of the
proposed thermometric method was performed by determining the extent of local heating induced
by increasing laser power. By exciting with an 800 nm laser at low power intensities, a temperature
equal to room temperature (RT) was found, while a maximum temperature increase of 15 °C was
detected using the anti-Stokes/Stokes method.

Keywords: temperature; optical nanothermometry; anti-Stokes/Stokes Raman; biological transparency
window; Anatase

1. Introduction

Temperature is a parameter that plays a fundamental role in chemical and biological
processes, so its determination, with high accuracy and precision, is applied in various
fields, such as microelectronics, optics, microfluidics, chemical reactions and biochemical
processes, living cells and nanomedicine [1,2]. In the biomedical field, the temperature of
a living cell can be used to monitor cell health, since pathological cells are warmer than
normal cells due to their enhanced metabolic activity [3,4]. Therefore, thermometry can be
a powerful diagnostic tool, also useful during hyperthermia treatments to know the exact
localized heat release and avoid unwanted damage to surrounding healthy tissues [5-7].
Optimized multifunctional materials that simultaneously possess the ability to probe the
temperature and allow the controlled release of heat have recently been developed [8]. The
local detection of temperature in the context of biomedical applications requires a reduced
size of the material, down to the micro- or even nanoscale, and a high thermal resolution, as,
for example, many diseases determine intracellular temperature changes of 1 K or less; for
these reasons the identification of highly performing and small-dimensional thermometers,
useful for a specific detection technique, remains a hot topic [3,5]. Additionally, when
light sources are used, a deep penetration capacity is required, working in the biological
transparency windows, BTWs (from 700 to 980 nm or 1000 to 1400 nm) [9-11].

Conventional thermometry approaches are based on contact techniques, implying
direct contact with the medium of interest, but for many applications, including biomedical
applications, invasive methods are not useful, and non-invasive methods, which remotely
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observe the medium of interest to determine its temperature, are preferred [12,13]. These
techniques measure the temperature by exploiting the optical properties of materials, such
as absorption and emission spectroscopy, luminescence [14-18], for example of lanthanide
ion-based materials [19-21], and scattering [22-24]. Among the materials that have been
exploited as Raman temperature sensors, we find opaque semiconductors like silicon,
electro-optic materials like LINbO3 [25], graphene [26], water droplets [27], polymer blends
embedded in an organic light-emitting diode [28] and, more recently, Anatase Titanium
Dioxide (TiO,) nanoparticles [29].

In general, the spectra of probes used for optical nanothermometry are composed of
many peaks, the intensities of which vary with temperature. It is possible to use either a
single emission band or a ratio of intensities, with the second emission band serving as a
reference. Because the peak intensity depends on the concentration of emitting centers and
on the excitation power density that illuminates the sample, changes in these parameters
can cause significant variations in signal strength and, as a result, errors in temperature
determination. When choosing the signals for ratiometric methods, it is important to
keep in mind that (a) they can refer only to thermally coupled levels, so that at a certain
temperature the thermal energy (kgT) is enough to populate the higher energy level, and
(b) the greater the difference in the temperature variation between the two signal intensities,
the greater the sensitivity. The two signals can be two emission bands from two separate
excited states, as it is for luminescence thermometry, or Stokes and anti-Stokes bands of the
same vibration, as it is for Raman thermometry [22,30,31].

Previously, it was demonstrated by our group that TiO, in Anatase form is an ex-
cellent candidate for temperature detection because it has an intense Raman peak at low
frequencies, which is ideal for anti-Stokes-to-Stokes ratio (hereinafter referred to as aS/S)
thermometry [29]. It has already been tested in the visible region of the spectrum, where
good temperature sensitivity and uncertainty were found. Furthermore, Anatase NPs
are biocompatible materials of indispensable quality for applications in the biomedical
field [32,33].

This work fits into these research areas; it consists of the characterization of Anatase
particles that are tested as thermometric probes in the first biological window. To the
best of our knowledge, in the literature, there are presently no examples of Raman aS/S
thermometers working efficiently in the NIR and particularly in the BTWs.

The versatility of the thermometer, a feature that can be very useful in cases of interfer-
ences with other components in complex biological matrices, was proved by changing the
excitation laser wavelength in a wide range from 800 to 980 nm and recording the Stokes
and anti-Stokes spectra of Anatase. Three wavelengths were chosen to perform thermome-
try measurements, 785, 800 and 980 nm, corresponding to commercially available lasers
in the NIR. The performance of the thermal probe was determined in terms of thermal
sensitivity. Moreover, using the parameters derived from temperature calibration, it was
possible to monitor the increasing temperature as a consequence of the increasing laser
power irradiating the sample.

2. Materials and Methods
2.1. Materials

A commercial Anatase powder (Sigma Aldrich, Merck KGaA, St. Louis, MO, USA)
was used as the Raman active material. It was pressed on a KBr pellet disk, giving a final
thickness of a few hundred pm.

2.2. Characterization Techniques
2.2.1. Structural Characterization—XRD

The diffraction patterns were collected using a Bruker AXS D8 ADVANCE Plus
diffractometer (Bruker, Billerica, MA, USA) equipped with Cu — K* radiation of wavelength
1.5406 A and the data were acquired in the range of 20-80° with a step scan of 0.027°/s.
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The experimental data were then elaborated using DIFFRACT.EVA (Bruker, Billerica, MA,
USA) for phase-matching and estimation of the crystallite dimensions.

2.2.2. Diffuse Reflectance

Diffuse reflectance spectra of TiO, Anatase powder were recorded in the range of
300-1100 nm using a spectrometer (FLS1000, Edinburgh Instruments Ltd., Livingston,
Edinburgh, UK), equipped with an integrating sphere and a Xe lamp as excitation source.
A BaySO, plug was used as a reference for the calculation of the diffuse reflectance spec-
trum. The PMT980 (R13456P, Hamamatsu Photonics Deutschland GmbH, Herrsching am
Ammersee, Germany) photomultiplier was used to register the spectrum in the range of
300-900 nm, and PMT-NIR1700 (R5509-73, Hamamatsu Photonics Deutschland GmbH,
Herrsching am Ammersee, Germany) was used in the range of 900-1100 nm.

2.2.3. Optical Characterization—Raman Spectroscopy Set-Up

A micro-Raman set-up in a backscattering geometry is used for Raman measurements.
It is equipped with a CW Ti: Sapphire laser, tunable in the range from 675 to 1000 nm (MKS
Instruments, Spectra Physics, 3900S, Santa Clara, CA, USA) and pumped by a CW Optically
Pumped Semiconductor Laser (Coherent, Verdi G7, Santa Clara, CA, USA). The laser beam
is coupled to a microscope (Olympus BX 40, Tokyo, Japan) and focused on the sample by
a 20x objective (Olympus SLMPL, Tokyo, Japan) for IR. All optics, mirrors, lenses and
nonpolarizing beam splitters are optimized for IR light. Raman scattering is collected in the
slit of a three-stage subtractive spectrograph (Jobin Yvon S3000, Horiba, Kyoto, Japan) using
a set of achromatic lenses. The spectrograph is made up of a double monochromator (Jobin
Yvon, DHR 320, Horiba, Kyoto, Japan), which works as a tunable filter rejecting elastic scat-
tering, and a spectrograph (Jobin Yvon, HR 640, Horiba, Kyoto, Japan). The Raman signal is
detected by a liquid nitrogen-cooled CCD (Jobin Yvon, Symphony 1024 x 256 pixels front
illuminated). When using an entrance slit of 50 pm, an accuracy of 0.6 cm~! is obtained to
determine the peak position.

2.2.4. Excitation Wavelength Measurements

The laser wavelength was changed from 800 to 980 nm to perform excitation wave-
length measurements. RT Anatase Stokes and anti-Stokes Raman spectra of the sample,
prepared as described above, were collected every 5 nm at various excitation wavelengths
in the tested range.

2.2.5. Temperature Detection

During thermometry measurements, the temperature varied, while the laser’s wave-
length and input power remained constant. This type of experiment was performed by
exciting samples at 785, 800 and 980 nm, with a power of 1 mW. The sample tempera-
ture was varied using a temperature-controlled stage (Linkam, THMS600/720, Tadworth,
UK), which works with a liquid nitrogen reservoir and heating resistances, producing a
control of 0.1 K on the temperature of the sample chamber. A procedure that allowed
the purging of air was performed after the sample was introduced into the chamber of
the temperature-controlled stage and before all tests were performed. Therefore, the air
in the chamber was replaced by an inert static nitrogen environment. The temperature
was gradually increased at a rate of 5 K/min, and when it reached the required value, the
sample was left to thermalize for 15 min. After this procedure was completed, successive
Stokes and anti-Stokes spectra were recorded to determine the local temperature of the
sample. Matlab (Version Number R2021b) was used to fit Raman peaks with a Lorentzian
function to provide values for intensity, area, location and width. Thus, for any temperature
set by the controlled stage, it was possible to determine the value of the aS/S intensity ratio.
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2.2.6. Laser Power Effect on the Local Temperature

The local temperature increase in the sample was measured as an effect of an increasing
power of the laser. During this type of experiment, the laser power was varied, while
the excitation wavelength was fixed. The sample was kept at 25 °C by means of the
temperature-controlled stage and illuminated with a laser at 800 and 980 nm. The power of
the laser incident on the sample, determined in close vicinity to the sample surface and
already accounting for the attenuation of the optics present in the set-up, was set at 0.8, 2,
2.5,4,64,10.1,12.7 and 16 mW. The intensity at the maximum value was calculated to be
3.4 x 108 mW/cm? at 800 nm and 2.9 x 108 mW/cm? at 980 nm. For each input power,
a set of anti-Stokes and Stokes spectra was recorded, so that the value of the aS/S ratio
could be determined. The thermometric parameters obtained with the procedure described
above allowed an estimation of the sample’s heating.

2.3. Methods
2.3.1. Raman Nanothermometry

The principle of the anti-Stokes/Stokes method for Raman nanothermometry can be
described starting from the Jablonski diagram reported in Figure 1a. Temperature detection
can be performed by measuring the intensity ratio of the Stokes and anti-Stokes lines or
through the investigation of the Stokes Raman band. Temperature is inferred from changes
in the position, intensity or shape of a Stokes Raman band. As the temperature increases,
chemical bonds may loosen, leading to a decrease in vibrational frequency (band shift)
or the induction of structural changes in the material, as depicted in Figure 1b. The first
method is effective for materials with low-frequency Raman modes and can be described
as follows.
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Figure 1. (a) Jablonski diagram reporting the anti-Stokes, Rayleigh and Stokes Raman scattering
in non-resonant conditions, and the correspondent peaks originating from these processes, relative
to a generic compound. The principle of resonant Raman scattering is also shown. (b) Schematic
representation of the variation in the Raman spectrum features (spectral position (A), bandwidth
(B), intensity (C) and intensity ratio (D)) caused by a temperature change. Red lines correspond
to the temperature T2, which is higher than T1, relative to the blue lines. When T = T1, the lower
temperature, the first vibrational state (v = 1) of the ground state (Sp) is poorly populated, whereas
when the temperature is raised to T2, it becomes more populated.
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If two vibrational levels of the ground state Sy of the Raman-active material are
considered, the ratio between their population densities can be described by a Maxwell—-
Boltzmann distribution. The interaction of the system with a laser with a frequency of v
results in the scattering of Stokes and anti-Stokes photons of frequencies vs (Vs = vy — V)
and v,5 (Vzs = Vo + V). As the scattering associated with the Stokes and anti-Stokes tran-
sitions is proportional, respectively, to the population density of the lower and higher
vibrational states [34], the intensity ratio of anti-Stokes I,s and Stokes Is bands is given by

Ls  (vo+om) ( hvm>
T)=—==-——""-¢ex i 1
pth( ) IS (UO _ Z)m)3 p kBT ( )

where vy, is the frequency of the vibrational mode m considered, vy the laser frequency, h
the Planck’s constant, kp the Boltzmann constant and T the local temperature. A frequency
dependence on the third power of the aS/S ratio is required when the detection system
is based on photon counting (CCD), whereas a fourth power dependence would be more
acceptable if the detection were energy-based [25].

Thermal sensitivity, S, one of the most often used thermometric figures of merit,
defines how significant the variation in the response is—in this case, the aS/S ratio p—with
regard to a unit temperature variation.

(2)

S, = ‘apth(T)‘ hvm
th —

oT | P ieT?

The relative thermal sensitivity, S, 4, instead, is determined by simply dividing the
thermal sensitivity Sy, as calculated in Equation (2), by the aS/S ratio py, itself. The result
shows that the relative thermal sensitivity S, ;, is equal to

)

Sr,th =

1 apth(T) _ hoy,
pun(T) oT kpT?

As an example, we can consider a Raman-active system, which can be excited at 514.5,
785 and 980 nm, producing the Stokes and anti-Stokes bands B1, B2, B3 and B4, depicted
in the spectrum of Figure 2a. The position of Raman modes in the spectrum, namely the
Raman shift, is a characteristic of the material and does not change with the excitation
laser’s wavelength. The Stokes peaks are centered at 143, 400, 515 and 640 cm !, whereas
the anti-Stokes counterparts are located at the same Raman shift with negative sign. In
principle, it is possible to use the ratio between the Stokes and anti-Stokes intensities (aS/S)
of any of the four pairs to determine the temperature of the sample at a local level.

The natural logarithm of the aS/S ratio, calculated using Equation (1) with Ay = 785 nm,
is shown in Figure 2b, where lines with different colors represent the p;,(T) values for
B1 (dark blue), B2 (light blue), B3 (light red) and B4 (dark red). Because the aS/S ratio
depends on the frequency vy, it is different for each Raman mode, thus explaining the
different behavior with respect to temperature. In particular, the lower the frequency, the
higher the value of aS/S at a certain temperature. Absolute sensitivities are calculated for
the same excitation wavelength (A.x. = 785 nm) as the first derivative of the aS/S ratio
with respect to temperature (Equation (1)), and are reported in Figure 2c. It is easy to
observe that the absolute sensitivities reach their maxima at different positions, where the
values of the maxima, Sy = 0.28, 0.11, 0.09 and 0.08%K !, and temperature at which
are located, T4 = 103, 287, 369 and 459 K, increase with the increasing frequency of the
Raman mode. The relative sensitivities S, j,, plotted against temperature in Figure 2d, are
calculated by dividing S, for the aS/S ratio (Equation (3)), eliminating the dependence on
the excitation wavelength. This operation results in a direct proportionality between S, ;,
and vy, thus producing a higher relative sensitivity for the B4 mode than for the B1, as can
be appreciated in Figure 2d.
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Figure 2. (a) Anti-Stokes and Stokes peaks of the Anatase. The Raman modes are labeled as B1,
B2, B3 and B4, from lower to higher Raman shift values; (b) anti-Stokes/Stokes ratio, calculated
at Apye =785 nm, for Bl (dark blue), B2 (light blue), B3 (light red) and B4 (dark red). Calculated
(c) absolute (Aexc = 785 nm) and (d) relative (independent from A.y.) sensitivities of the four peaks.
The aS/S ratios (e) and the absolute sensitivities (f) calculated for B1 at 514.5 (dotted line), 785
(dashed—dotted line) and 980 nm (dashed line).

The effect of different excitation wavelengths on the aS/S ratio and absolute sensitivity
of the Bl Raman mode are shown in Figure 2e f. In both cases, the values, calculated at
Aexc = 514.5, 785 and 980 nm, increase with increasing wavelength. Experimentally, anti-
Stokes and Stokes bands are collected at different temperatures, producing a set of aS/S
ratios as functions of T for each Raman mode and for each excitation wavelength at which
the experiments were conducted. These data can be fitted using the following equation,

Pexp(T) = B-exp(—aT)

or with the following equation, if the logarithm of the aS/S ratio is plotted against 1/T.

(4)

lnpexp(T) = lnﬁ - % (5)

From the fitting of the experimental thermometric curves, it is possible to determine
the parameters « and B, and compare their values with the pre-exponential factor and
the exponent coefficient of Equation (1), respectively [35,36]. The deviations of a from
vy /kp and B from (v + v)>/ (vo — vy)° are mainly attributed to the dependence of these
empirical parameters also on the experimental set-up characteristics, such as incoming
laser polarization and detector and grating efficiency. Not only is a different value of
pexp(T) (Equation (4)), with respect to oy, (T) (Equation (1)) thus expected, but also of the
experimental S,y and Sy exp with respect to Sy, and S, ;. The experimental values can be
determined once & and § are known (see Equations (4) and (5)):

@) 8

= Pexp'ﬁ (6)
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_ 1 apgxp(T) o
S}’,CXP - pexp(T) aT - ﬁ (7)

In summary, the proposed anti-Stokes/Stokes method for local temperature detection
can be applied to any Raman peak. The choice of the best Raman mode is based on aS/S
ratio comparison together with absolute and relative sensitivities.

These values can be calculated within the relevant temperature range for a specific
Raman mode of a given frequency and for a defined excitation wavelength using the equa-
tions previously provided (Equations (1)-(3)). Nonetheless, it is preferred to experimentally
evaluate these quantities by fitting /1.y, (T) data plotted against 1/T with Equation (5) to
obtain the & and 3 parameters and estimate Sy, (Equation (6)) and S, ¢xp (Equation (7)).

2.3.2. Use of the Proposed Method to Determine the Increase in the Local Temperature of
the Sample

The method described above can also be used to detect the local heating of the sample
when the power of the laser is increased above a certain threshold value. The experimental
value of the aS/S ratio can be evaluated as a function of laser power, p(P), and the local
temperature T(P) can be calculated using the following equation,

T(P)

w
 Inpexp(P) — Inp

where a and B are determined through the fitting of [10.x,(T) vs. 1/T thermometric data
(Equation (5)). The temperature increase AT is expressed as the difference between T(P)
and RT.

(8)

3. Results and Discussion

DIFFRACT.EVA was used to analyze the X-ray diffraction (XRD) pattern, shown in
Figure 3, which confirmed the purity of the sample, since Anatase (COD 9015929) is the
only phase present.
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Figure 3. X-ray diffraction pattern of anatase (black line) in perfect agreement with the database
pattern COD 9015929 (red lines) of the anatase Titanium Dioxide phase.

An average crystallite size of 41 nm was calculated from the [0 1 1] peak located at
25.31°, which is the most intense peak of the diffraction pattern, through the Scherrer
equation. The other diffraction peaks, indexed using the [h,k,1] notation, are assigned in
the same Figure.

The diffuse reflectance spectrum of the anatase powder, reported in Figure 4, shows a
jump at the anatase band-gap between 350 and 400 nm and a reflectance equal to 90% from
400 nm up to 1100 nm.
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Figure 4. Diffuse reflectance spectrum of TiO, anatase powder.

The Stokes (positive Raman shift) and anti-Stokes (negative Raman shift) Raman
spectra collected at 800 nm are displayed in Figure 5. The Stokes peaks, centered at 143,
197, 397, 515 and 640 cm ™!, were assigned to the Eg(1), Eg(2), B4(1), B14(2) + Aqg and
E¢(3) Raman modes of anatase [37,38]. The anti-Stokes peaks, located at the same positions
but with the opposite sign, were also assigned, as shown in Figure 5. The characteristics
of the E¢(1) Raman peak, which is centered at 143 cm~! and has a full width at half-
maximum (FWHM) of 7 cm !, are in agreement with the relatively large crystallites found
by XRD [39].

! I T Eg(1) T T
B 143 cm™ i
= ]
S,
2 E,(1) .
‘n F -143 cm™’ A
c
m —
= E (3)
b E9(3) B1g(2)+A1g B1g(1 ) E (2) Eg(Z) B19(1 ) _B119(2)+61g64% cm™! -
-640 cm™-515 cm~'—400 cm ' 197 -1 197 cm-' 400 cm™515 cm
-800 -600 -400 -200 0 200 400 600 800

Raman Shift [cm™]

Figure 5. Stokes (positive Raman shift) and anti-Stokes (negative Raman shift) Raman spectra of
anatase (black line). Stokes (and correspondent anti-Stokes with opposite sign) peaks centered at 143,
197, 400, 515 and 640 cm ™! are assigned to E¢(1), E¢(2), Big(1), Big(2) + A1g and Eg(3), respectively.

By applying the method described in detail in the Section 2.3, the choice of the Raman
mode for thermometry at a given excitation wavelength could be based on the value of the
aS/S ratio py,(T), the absolute sensitivity Sy, or the relative sensitivity S, ;. According to
Equation (2), the absolute sensitivity is proportional to the frequency of the Raman mode
v and to the aS/S ratio py;, (T), which is higher for modes with lower frequencies; thus, in
comparison with the Bi¢ (1) mode, having a higher frequency (v, = 4.27-10'2 s71) than the
E¢(1) peak (v = 1.19-10'% s71), but a lower py;,(T) (at T = 300 K and Aeyxc = 800 nm, 0.5393
for E¢(1) and 0.1778 for Bi¢(1)), it turns out that the former has a higher Sy, than the latter
(0.12%K’1 and 0.11%K 1, respectively, at T = 300 K and A¢xc = 800 nm). However, when
Sty is divided by py,(T) to generate S, 4, (Equation (3)), this quantity is only affected by v,
resulting in a larger relative thermal sensitivity for the B14(1) mode (0.23 in comparison to
0.64%K~! at T = 300 K). Nonetheless, the E¢(1) Raman mode at 143 cm~! has a good value
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of relative thermal sensitivity, and it is the most intense signal in the Raman spectrum of
anatase, as we can see in Figure 5. Moreover, it has the highest aS/S ratio value, meaning
that in a wide temperature range, the anti-Stokes signal will still be visible. Taking these
considerations into account, we decided to use the E¢(1) peak for thermometry. The
same conclusions were found for anatase Raman thermometry in the visible region of the
spectrum, as explained by Zani et al. [29]. The choice to exploit the low frequency mode
also favors the use of the material within biological systems, which generally show Raman
signals at higher frequencies. When testing the anatase in biological environments, it will
become essential to verify the maintenance of this indispensable condition or the possibility
to clearly distinguish the anatase Raman mode from the matrix signal. A different option
would be to look for new synthetical ways to amplify the anatase signal.

Normalized Stokes and anti-Stokes Raman spectra of the E¢ (1) mode, recorded ap-
proximately at the same laser power, are reported in Figure 6a as function of the excitation
wavelength. When the wavelength was increased from 800 to 980 nm every 5 nm, a
substantial decrease in the signal-to-noise ratio (all the spectra were collected using the
same experimental conditions) was observed. The intensity also gradually decreased with
increasing wavelength, as is shown by the non-normalized spectra in Figure 6b, recorded at
800, 900 and 980 nm, because of the decreasing efficiency of the Raman detector. Therefore,
it was demonstrated that the E¢ (1) anti-Stokes and Stokes peaks of anatase may be used
for Raman nanothermometry over a broad wavelength range, as confirmed by the presence
of a sufficiently powerful signal from 800 to 980 nm. Anatase thermometric performance
was examined at three wavelengths, 785, 800 and 980 nm, which correspond to the most
popular commercially available lasers used in the biomedical field.
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Figure 6. (a) Anti-Stokes and Stokes E¢(1) Raman spectra of anatase as functions of excitation
wavelength, recorded from 800 (first dark blue line) to 980 nm (last dark red line), each 5 nm
(corresponding to the blue, light blue, green, yellow, orange, light red and red lines); intensities are
normalized with respect to the maximum intensity of the Stokes peak. The non-normalized spectra at
three selected excitation wavelengths (Aexc = 800, 900 and 980 nm) are shown in panel (b).

By following the method extensively described in the Section 2.3, during Raman
thermometry experiments, Stokes and anti-Stokes spectra were acquired between 293 and
323 K, as shown in Figure 7a,d,g, for A.x. = 785, 800 and 980 nm, respectively.
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Figure 7. Anti-Stokes and Stokes anatase Eg (1) spectra (a,d,g) collected as functions of temperature
from 293 K (first dark blue line) to 323 K (last dark red line), each 2 K (blue, light blue, green, yellow,
orange and red lines) correspondent calculated values of the aS/S ratios natural logarithm (b,e h) and
relative sensitivities (c,f,i) for the excitation wavelengths explored, A¢xc = 785, 800 and 980 nm.

The values of the aS/S ratios pexp were then calculated; the linear fitting of [1p,, plot-
ted against 1/T in Figure 7b,e h allowed the determination of « and  empirical constants
(see Equation (5)), reported in Table 1.

As expected, these thermometry curves have different intercepts of Inf with slopes
«. Actually, B is affected not only by the third power of the excitation frequency, but also
by many wavelength-dependent parameters, among which are the detector and grating
efficiency. The values of S, xp, calculated using Equation (7), are plotted as functions
of temperature in Figure 7cf,i. A decreasing trend in this parameter with temperature
was observed at a specific excitation wavelength, whereas, for all the temperatures of the
investigated range, higher values were observed when exciting at 980 nm rather than at 800
and 785 nm. Seyxp and Sy exp, evaluated at T = 300 K for the three wavelengths investigated,
are reported in Table 1, where they are also compared to the correspondent values found in
ref. [29] for Agyc = 514.5 nm.
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Table 1. Results of thermometry measurements at A,y 514.5, 785, 800 and 980 nm, where the intercept
Inp and the slope « are reported, together with the experimental values of thermal sensitivity Sexp
and relative thermal sensitivity Sy exp, evaluated at T = 300 K. The values reported at 514.5 nm were
adapted from ref. [29].

Aexc - S exp Sr,exp

[nm] p K] %K1 %K1

514.5 0.1229 240.5 0.13 0.27
785 0.1584 144.5 0.12 0.16
800 0.2858 189.4 0.15 0.21
980 0.8161 209.7 0.26 0.23

As we can see in Table 1, the relative sensitivities, S;,xp, assume different values
depending on the excitation wavelength in the NIR. It was observed that the reported
value for 514.5 nm, 0.27%K "1, was higher than the one determined at 980 nm, 0.23%K"1,
the highest value found for the investigated wavelengths in NIR. Indeed, a good thermal
relative sensitivity and the ability to excite the materials over a wide wavelength range
make the system a good candidate as an optical thermometer.

It has been demonstrated before that, above a certain threshold power, lasers can
induce a local temperature modification in the sample. For low laser powers, a range in
which the aS/S ratio is unaffected by laser power can be observed, whereas an increase
in laser power is expected to generate a rise in the aS/S ratio, which can be attributed to
local temperature variation. Sample heating is not desired in the case of thermometric
measurements (Figure 7) in which the power is carefully fixed below the heating threshold
(I mW) in order to not alter the local temperature. Instead, the heating phenomenon was
investigated at Aex, = 800 and 980 nm (these values were determined with a photodiode in
a position close to the sample) to investigate the potentiality of anatase in heating release.
For each laser power, anti-Stokes and Stokes Raman spectra, shown in Figure 8a,d, were
acquired to calculate the logarithm of the aS/S ratio Inp.x,(P), plotted in Figure 8b,e,
along with the estimated error. Consequently, the temperature T(P) was estimated using
Equation (8), and the temperature increase with respect to RT is reported in Figure 8c,f. The
local temperature of the sample was initially close to RT but suddenly increased because of
higher laser power, reaching a maximum of 15 °C in the case of A¢y = 800 nm. A maximum
AT of 6 °C was observed in the case of A¢y. = 980 nm, while a more oscillating tendency,
rather than a pronounced increase in temperature, was detected. Nevertheless, even if a
high-intensity laser is concentrated in a small spot (few um), the sample is not visually
degraded, and the Raman spectrum remains unchanged, as shown in the left panel of
Figure 8a,d. When particles are interacting with light, incident photons can be scattered
and absorbed. The absorbed photons may induce heat generation and other radiative
processes, including luminescence. Consequently, the efficiency of heat generation depends
on the absorption efficiency of the sample. Anatase TiO,, characterized by a wide band
gap of approximately 3.2 eV, is supposed to exhibit negligible optical absorption within
the visible and near-infrared (NIR) regions of the spectrum. Experimental measurements,
such as the UV-visible and NIR diffuse reflectance spectra of anatase powder, reported
in Figure 4, indeed confirmed the absence of any absorption feature in the spectral range
considered. However, the aS/S thermometric method shows a localized temperature
increase, indicative of heat release, upon laser illumination with excitation wavelengths
of 800 and 980 nm. This phenomenon was already demonstrated in the literature, where
excitation wavelengths in the visible range were used [29]. These findings, together with
the results reported in the present work, suggest that the sample indeed absorbs laser
radiation at wavelengths in the visible and NIR spectra, which may not be stimulated by
the lamp light utilized in UV-visible and NIR diffuse reflectance experiments, but rather by
laser irradiation at significantly higher power densities. Under such conditions, nonlinear
optical phenomena, such as two-photon absorption, become feasible, as evidenced in the
existing literature concerning z-scan measurements on TiO; anatase [40,41].
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Figure 8. Anti-Stokes and Stokes E; (1) anatase spectra (a,d), and corresponding values of the aS/S
ratio natural logarithm Inpeyp (P) (b,e), as functions of increasing input power (A¢x: = 800 and 980 nm).
In panel (a) data are reported from 1 mW (blue) to 16 mW (red), in panel (d) data are reported from
0.8 mW (blue) to 16 mW (red) (different colors correspond to different laser power). In panels (c,f) the
local temperature of the sample determined with the method described in the main text is reported.

4. Conclusions

A commercial powder of anatase particles was used to demonstrate the capability
of this material as a Raman thermometer, exploiting anti-Stokes and Stokes signals of the
E¢(1) mode, at 143 cm ™!, in the first biological transparency window. Among the other
Raman modes of anatase, the E¢(1) mode was chosen for its intense signal in the spectrum,
and for the high value of the associated aS/S ratio, which guaranteed the high intensity
of the anti-Stokes peak, in the 293-323 K temperature range. Different excitation wave-
lengths, 785, 800 and 980 nm, were also explored to perform thermometric experiments,
corresponding to commercially available lasers in the NIR. Very good experimental values
of thermal sensitivities were determined through the parameters obtained with the fitting
of thermometric curves, ranging from 0.16 to 0.23% K1 for Srexp, similar to those found
for the same material excited in the visible spectrum. The proposed method was also used
to determine the local temperature increase by irradiating the sample at increasing laser
power, at 800 and 980 nm. A maximum temperature increase above a RT of 6 and 15 °C at
Aexe = 980 and 800 nm, respectively, was detected, which may be attributed to nonlinear
phenomena induced by the high laser power density.

This work proposed a new system, highly biocompatible, working within the BTW-I,
for potential application in biomedicine, since, to the best of our knowledge, there has
been no previous research on this material in the NIR spectral range. The strength of this
work lies in the fact that pure anatase has enviable potential in terms of extending the
Raman signal, and thus the ability to measure the local temperature into a spectral range
that is difficult to cover by plasmonic or luminescent systems. The versatility and good
performances of the local temperature sensor are thought to encourage further investigation
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of this material, and future developments should aim to control the dimensions of anatase
particles and their surface modification to promote their uptake in cells.
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