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Abstract: Local temperature determination is essential to understand heat transport phenomena at
the nanoscale and to design nanodevices for biomedical, photonic, and optoelectronic applications.
In particular, the detection of the local temperature of the intracellular environment is interesting
for photothermal therapy. In the present work, nanoparticles consisting of an Ag core, covered by a
TiOzshell, Ag@TiO2 core-shell, are suitably synthesized through a one-pot method. Silver nanopar-
ticles synthesized in DMF are coated by controlled hydrolysis of titanium tetrabutoxide in the same
reaction environment. The synthesis led to nanocomposites where AgNPs are covered by a diffuse
layer of anatase. The nanocomposites are characterized by UV/Vis spectroscopy and Raman spec-
troscopy. The samples obtained proved to be good Raman nanothermometers with a sensitivity
comparable to that of simple anatase nanoparticles.

Keywords: Raman spectroscopy; optical nanothermometer; core-shell nanoparticles; Ag@TiO2; one-
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1. Introduction

Since the development of nanodevices for applications in nanomedicine, photonics,
and optoelectronics, a deep understanding of heat transport and local heating phenomena
within devices has been utterly necessary [1,2]. This knowledge can be acquired through
local temperature determination at the nanoscale, which is the investigation field of nan-
othermometry. The availability of suitable nanothermometers for the intracellular envi-
ronment is of particular interest for the treatment of carcinogenic tissues in photothermal
therapy [3,4]. Cancerous cells can be identified, since they are characterized by above-
average local temperatures as a result of improved metabolism. Afterward, they can be
killed under hyperthermic conditions through controlled release of a high amount of heat
by nanoheaters inside the tissue. This is usually achieved with non-contact techniques
which use lasers working in the NIR range, less harmful and more tissue penetrative than
the visible one [4].

In recent years, many techniques for local temperature determination have been de-
veloped [2]. Among the optical ones, the Raman spectroscopy-based nanothermometry is
adequate for photothermal therapy applications because it can be easily used in physio-
logical environments, because of the weak water Raman signals, and it has a high spatial
resolution and a large excitation wavelength range. Information on local temperature is
obtained from the relationship between the intensities of anti-Stokes and Stokes Raman
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signals for a specific Raman active vibrational transition of the material used as the nan-
othermometer, as it follows a Boltzmann distribution [5].

For photothermal therapy applications, it is important to choose a nanothermometer
that is biocompatible, non-toxic, and chemically stable, criteria that are satisfied by tita-
nium dioxide nanoparticles in the anatase phase [6]. Anatase nanoparticles are also suita-
ble materials for Raman nanothermometry, because they have a large Raman scattering
cross section. TiO2 anatase, as a commercial powder [5] and as synthesized nanoparticles
[7], has already been tested, using its high-intensity Raman signal with a low Raman shift,
at 143 cm!, as a reference.

In photothermal therapy, it is important that the nanothermometer is in a space close
to the nanoheater to avoid the mistaken death of healthy cells [4]. For this reason, nano-
materials Ag@TiO:z can be proposed as potential candidates for thermometer and photo-
thermal material: a TiO2 anatase shell, the Raman nanothermometer, grows around a core
of Ag nanoparticles, used as nanoheaters and is characterized by a strong surface plasmon
resonance [8]. In the literature, amorphous Ag@TiO: core-shell nanoparticles have been
synthesized with different bottom-up sol-gel methods: one-pot synthesis [9,10], two-step
synthesis [11,12], radiation-assisted synthesis [13], and inverse micellar route [14]. Only a
few works also proceed with crystallization of the titania shell to the anatase phase, either
by calcination [12,14] or solvothermal treatment [10].

In the present work, the one-pot route was followed because it allows the silver na-
noparticles to be covered in the same reaction vessel for their growth. Amorphous core-
shell nanoparticles have been synthesized using a procedure described in the literature
[9], where the Ag core suspended in DMEF is covered by the amorphous titania shell with
controlled hydrolysis of titanium tetrabutoxide (TTB). Then, the crystallisation to the an-
atase phase was suitably made by solvothermal treatment because it was cleaner and re-
quired working temperatures lower than those used in the calcination step. The nanocom-
posites have been characterized by ultraviolet/visible (UV/vis) and Raman spectroscopy.
Their Raman nanothermometric performances have been evaluated at 530 nm excitation
wavelength. The performances obtained with the nanocomposites, in terms of tempera-
ture sensitivity, are compared with those of pure anatase nanoparticles.

2. Materials and Methods
3.1. Materials

Silver nitrate (AgNOs 2 99.0, Fluka 7761-88-8), N,N-dimethilformamide (DMF 299.8%
pure, Merck Millipore 68-12-2), titanium (IV) tetrabutoxide (TTB 297.0% pure, Fluka 5593-
70-4), acetylacetone (Sigma-Aldrich 123-54-6), ethanol (EtOH 299.8% pure, Sigma-Aldrich
64-17-5), dihydrated trisodium citrate (99.0 pure, Fluka 6132-04-3) and double distilled
water were used for the synthesis of Ag@TiO2, TiO2 and Ag NPs.

3.2. Synthesis of Ag NPs

Silver nanoparticles stabilized with citrate were synthesized using a procedure from
the literature [15]. To a refluxing solution of AgNOs (1.06 mM in 100 mL of double distilled
water) was added a solution of sodium citrate (1% m/m in water). After at least 70 min,
the greyish green suspension was cooled to room temperature and then centrifuged and
washed twice with water. After being dried under vacuum on a silica gel drier, a black
solid was obtained.

3.3. Synthesis of Ag@TiO:

A solution of TBT/acetylacetone (5.75 mM in 100 mL of ethanol) was added to 25 mL
of fresh suspension of AgNPs (3.8 mM AgNOs/0.8 M double distilled water in 30 mL of
DMF) under magnetic stirring. The clear mixture was heated to reflux and turned reddish
and then brownish black in a few minutes. After 90 min, the suspension was cooled to
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room temperature, centrifugated, and washed twice with ethanol. The mixture was trans-
ferred to a Berghof stainless steel solvothermal bomb (Model pressure vessel digestec
DAB-3, 200 mL volume, limit temperature of use 180 °C, held up to 8 bar) and then heated
at 150 °C for 24 h. The synthesis led to a light brown sand precipitate, isolated by centrif-
ugation, and washed twice with ethanol. After being dried under vacuum on a silica gel
drier, a brownish black solid was obtained.

3.4. Synthesis of TiO2 NPs

The TiO:2 sample was obtained with a modified literature synthesis [12]. Double-dis-
tilled water (4 mL) was added to a TBT solution (5.75 mM in 75 mL of ethanol). After 20
min of magnetic stirring under mild heating, the white suspension was cooled to room
temperature. The mixture was transferred to a Berghof stainless steel solvothermal bomb
(Model pressure vessel digestec DAB-3, 200 mL volume, limit temperature of use 180 °C,
held up to 8 bar) and then heated at 150 °C for 24 h. After centrifugation, the white solid
was dried under vacuum on a silica gel drier.

3.5. Optical Characterization

UV / Vis spectra were recorded in fluorescence quartz cuvettes (10x10 mm) on a dou-
ble beam Agilent Cary 5000 UV-Vis-NIR spectrometer. Data were collected with the Cary
WinUV Scan software and plotted with MATLAB R2022b.

Two Raman setups were used to collect Raman spectra: (1) Micro-Raman equipped
with an Ar* laser @ 514.5 nm (Spectra Physics, Stabilite 2017), output power 1W. This mi-
cro-Raman works in a back scattering geometry: the Raman signal is separated from the
Rayleigh scattering, using an edge filter, and analysed with an imaging spectrograph,
through a and liquid-nitrogen cooled CCD camera. (2) Micro-Raman setup equipped with
an CW Optical Pumped Semiconductor Laser (Coherent, Verdi G7, Santa Clara, CA, USA),
providing the line at 530 nm. The laser beam was coupled to a microscope (Olympus BX
40) and focused on the sample using 100x, 50x or 20x objectives (Olympus SLMPL). Raman
scattering was coupled into the slit of a three-stage subtractive spectrograph, consisting of
a double monochromator (Jobin Yvon, DHR 320) and a spectrograph (Jobin Yvon, HR
640). A liquid nitrogen-cooled CCD is used to detect the Raman signal.

For temperature measurements, the Raman instrument was interfaced with a tem-
perature control stage (Linkam, THMS600/720, Tadworth, UK). The stage is used, in the
range of 77-600 K, to control the sample temperature. Samples were uniformly
heated/cooled, with a rate of 5 K/min and a thermalization time of at least 15 min, to reach
the desired temperature. After thermalization time, consecutive Stokes and anti-Stokes
measurements were conducted and repeated to obtain a consistent set of data. Usually,
for temperature measurements, a power intensity lower than 3 mW was used to avoid
laser-induced heating. All Raman spectra were collected with LabSpec software
(HORIBA) and analysed with MATLAB R2022b.

4. Results and Discussion
4.1. Characterization

The UV/Vis spectra of the silver suspension, the mixture before and after reflux, and
the purified suspension of Ag@TiO2 core-shell nanoparticles are shown in Figure 1(a). The
formation of an amorphous titania shell around the silver core is confirmed by the redshift
of the Ag plasmonic band, correlated with the high refraction index of TiOz [12]. The purifi-
cation procedure, necessary for the removal of the residual amount of DMF, prior to sol-
vothermal treatment, was efficient and caused the disappearance of the strong absorption
band of acetylacetone-coordinated titanium (IV), below 400 nm [16].

The Raman spectrum of the synthesized core-shell nanoparticles was recorded and
compared with the TiO2 powder and Ag NPs, as shown in Figure 1b, all Raman spectra were
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recorded using the excitation wavelength of 514.5 nm. It is clear that the solvothermal treat-
ment led to a single TiO: crystalline phase for the one-pot nanoparticles, that is, the desired
anatase phase. The main signature is the strong signal at 143 cm™, followed by the less in-
tense signals at 195, 393, 513 and 635 cm™. These signals are comparable to data reported in
the literature [17]. The remaining peak at 233 cm™ is assigned to the contribution of Ag NPs,
as clearly emerges from the comparison with the spectrum of Ag NPs and the data from the
literature [18].
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Figure 1. (a) UV / Vis spectra of the initial suspension of Ag NPs in DMF (red), the starting mixture
after adding the TBT solution (violet line), the suspension 90 min after reflux (black line) and the
purified mixture after centrifugation and double washing in ethanol (blue line); (b) Raman spectra
of Ag@TiOz2nanoparticles, the citrate stabilized Ag NPs and the synthesized TiO2 NPs, at an excita-
tion wavelength 514.5 nm.

4.2. Raman Nanothermometry

For the Raman nanothermometric measurements, Stokes and anti-Stokes spectra
were collected at the 530 nm excitation wavelength, in the temperature range of 293.15 to
323.15 K, and reported in Figure 2a. The signals centered at -143 and 143 cm™ were fitted
with a Lorentzian function, and the ratio of their intensities was plotted against the tem-
perature in Figure 2b.
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Figure 2. (a) Stokes and anti-Stokes Raman spectra of Ag@TiO:nanoparticles collected in the tem-
perature range 293.15-323.1 5K; (b) Exponential fitting of the nanothermometric data of Ag@TiO2
nanocomposites (red dot and line) and for the anatase nanoparticles (blue squares and line) at 530
nm excitation wavelength. For each data sequence, the maximum and minimum error bars are
shown with the same color code.

From the fitting of anti-Stokes/Stokes intensity ratios, the experimental constants for
Ag@TiO:z and TiO:2 have been obtained, since the determination of this parameter is a key
point in the correlation of the Raman signal to the temperature. The results, together with
the laser power used for the measurements, are resumed in Table 1.
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Table 1. Raman nanothermometry data collected at 530 nm.

Sample Laser Power Experimental Sensitivity at Relative Sensitivity
[mW] Constant 295.15 K [K] [K1%]
Ag@TiO2 1.44 1.007 +0.020 0.0012 0.26
TiO2 1.52 1.007 + 0.004 0.0012 0.24

The values found are in agreement with those obtained, at a comparable excitation
wavelength (514.5 nm), with commercial and properly synthesized TiO2 NP [5,7], where
a high sensitivity and an uncertainty of a few degrees have been demonstrated. This con-
firms the possibility of using Ag@TiO: as a nanothermometer. For a practical use of these
materials, it remains to verify the extent of the local heating induced as the intensity of the
laser radiation increases and the efficiency at 800 nm of excitation wavelength, which is of
particular interest for future photothermal therapy application.

5. Conclusions

The synthesis of Ag@TiO2 core-shell nanoparticles led to nanocomposites where sil-
ver cores with a wide dimensional distribution are covered by a layer of anatase. These
nanomaterials have proven to be good Raman nanothermometers in the visible range,
with performances comparable to those of simple anatase nanoparticles in the tempera-
ture range of 293.15 to 323.15 K. When comparing the experimental parameters of the
Ag@TiO: core-shell nanostructures with those of commercial anatase NPs, it is therefore
possible to state that Ag@TiO2 also possesses high sensitivity and a few degrees of uncer-
tainty.
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