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Abstract—This work proposes the use of femtosecond
laser-written fiber Bragg grating (FBG) sensors for internal
temperature monitoring of tumors undergoing gold nanorod
(AuNR)-mediated photothermal therapy (PTT). Arrays of
sub-millimetric FBGs enabled an accurate and quasi-
distributed temperature measurement within subcutaneous
breast tumors in mice. Furthermore, FBGs permitted to
investigate the laser-tissue interaction and AuNR-assisted
photothermal enhancement on cancerous tissue exposed to
940 nm and 1064 nm radiations. The introduction of the tumor-
localized AuNRs resulted in an overall increase of 13 ◦C of
the mean temperature change, compared to control, in case
of 1064 nm, while ∼6 ◦C in case of 940 nm. This sensing
solution allows the minimally invasive measurement of the internal tumor temperature under AuNR-assisted PTT. This
feasibility study sets the basis for the evaluation of the thermal outcome mediated by nanoparticles under different laser
sources.

Index Terms— Fiber Bragg grating sensors, temperature sensors, femtosecond laser inscription, temperature measure-
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I. INTRODUCTION

MANY more people in Europe are living with can-
cer as the result of an aging population, unhealthy

lifestyles, and unfavorable working and environmental con-
ditions. Among all, breast cancer is the second cause of
cancer death in women, despite the decreasing mortality
trends since the nineties. However, due to the aging of the
population, the absolute number of deaths is stable and above
92000 [1]. Thus, the medical and public health burden of
breast cancer in Europe is not expected to decrease, and
effective diagnostic and therapeutic approaches are constantly
demanded. To raise consciousness on this matter, also the
Horizon Europe Framework Programme for Research and
Innovation (2021-2027) has designed a specific Mission on
Cancer [2]. This mission includes several actions, including
the need of optimizing treatment, with the goal of averting
more than 3 million additional premature deaths due to cancer
by 2030. Besides the traditional approaches for breast cancer,
photothermal therapy (PTT) is attracting increasing attention
as a potential alternative therapy, thanks to its minimally
invasive nature [3], [4]. Here, light irradiation, delivered as
an external stimulus, is converted to heat by agents in the
nanoscale format [5], [6]. The interaction between light and
nanoparticles leads to the temperature increase of the target
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tissue while preserving the healthy regions around. In the
PTT application, rod-shaped gold nanoparticles, i.e., gold
nanorods (AuNRs), have been largely investigated since they
can strongly absorb electromagnetic waves at different wave-
lengths in the near-infrared (NIR) range, which is favorable
for the penetration of the light into the tissue. Moreover,
AuNRs have shown high heating efficiency, which is crucial
to assure therapy selectivity. As expected, tissue temperature
is the key parameter to assure the PTT efficacy and safety.
Indeed, it has been proven that temperatures ranging from
55 ◦C to 95 ◦C are needed to generate tumorigenic damage
in in vivo conditions [7].

Whereas important scientific and technological efforts have
been made in the last 2 decades for the design and syn-
thesis of optimized nanoparticles for PTT, less attention
has been paid to the approaches for accurately monitoring
the thermal outcome during the treatments. Although light-
absorbing nanoparticles injected in tumors determine the
localized increase of tissue temperature, several factors, such
as particles concentration and distribution and light source
settings can affect the thermal outcome, including temperature
distribution and tumorigenic damage [5].

Temperature measurement can provide useful information
to design the optimal therapy settings, and the real-time
monitoring will further support the clinician by providing
feedback to adjust therapy in real-time. Especially in pre-
clinical tests for preoperative optimization of PTT settings,
the characteristics of the sensing methods are crucial for
accurate detection of temperature profiles in treated tumors.
For instance, thermocouples [8], [9] suffer from self-heating
and single-point measurements [4], thus presenting several
limitations for optimal temperature monitoring. Image-based
techniques, such as infrared thermography and Magnetic Res-
onance Thermal Imaging (MRTI), hold the benefit of provid-
ing information on the temperature distribution. The second
approach is very promising but suffers from limited availability
in most of the research laboratories. Moreover, a few studies
have reported the use of MRTI for AuNR-mediated PTT and
mostly in agar-gel phantom [10]. This may be due to the
low performance of gold alone as a contrast agent, thus,
the interest in exploring MRTI is addressed mostly towards
the use of magnetic or gadolinium-based nanoparticles with
MRI contrast-enhancing capabilities [6], [11].

A good compromise between the straightforward use of
sensors and the need for spatially distributed temperature
measurements can be offered by fiber optic sensors (FOSs).
According to the specific technology, FOSs offer the possibil-
ity to achieve distributed and quasi-distributed sensing along
the axis of the fiber [12]. The first technology enables para-
mount features for spatially resolved thermometry, i.e., hun-
dreds of simultaneous measurements in one optical fiber with
millimetric resolution; however, it is usually impaired by the
trade-off between the desired spatial resolution, the signal
quality, and the time resolution. Conversely, quasi-distributed
sensing based on Fiber Bragg Grating (FBG) technology can
achieve tens of measurement points with high signal-to-noise
ratio [13], [14]. The recent writing technology based on the

femtosecond laser inscription allows for sub-millimetric sensor
length with reflectivity suitable for the peak-tracking tech-
niques implemented by most interrogators [15]. This technique
allows also customizing the gratings and array features, thus
improving its capability to multiplex sensor outputs [16].

FBGs with sub-millimetric sensing length can be fabricated
in high temperature resistant polyimide-coated fibers, in order
to be suitable for thermometry during minimally invasive
thermal therapies for tumors [13], [17]–[19], [20]–[23], such
as PTT [24]. In addition, FBGs particularly fit biomedical
applications, due to their biological and chemical inertness,
lightweight and compact form factor, biocompatibility, and fast
time response [19].

For the mentioned reasons, FBG arrays can represent a valid
solution for detecting the effective temperature increase due to
the tumor-embedded nanoparticles.

In this work, we investigate the feasibility of using FBGs
arrays for monitoring the internal tumor temperature change
caused by AuNRs. To the best of our knowledge, this is the
first study applying FBG arrays for real-time thermometry in
animal tumor models undergoing AuNRs-mediated PTT. The
arrays written in the core of polyimide-coated fibers consist
of 5 FBGs, which have been customized in order to achieve a
0.5 mm sensing length. The sensors have been characterized
in terms of static and dynamic metrological characteristics,
and an evaluation of the potential breathing-induced strain
influence has been carried out. AuNRs-mediated PTT was
executed at two different NIR wavelengths (940 nm and
1064 nm) in subcutaneous breast tumor-bearing mice, and
the thermal analysis was performed with the customized sub-
millimetric FBGs arrays located into the tumors.

II. FIBER OPTIC-BASED SENSING

In the following sections, the working principle of the
employed FOSs and their static and dynamic calibrations are
reported.

A. Fiber Bragg Grating Sensors: Working Principle
FBGs consist of photo-inscribed microstructures within the

fiber core, characterized by periodical modifications of the
core refractive index. These sensors act as selective wave-
length reflectors due to their capability, once interrogated by
means of broadband light, to reflect a narrowband part of the
spectrum centered at the so-called Bragg wavelength, λB . This
wavelength is directly proportional to the effective refractive
index ne f f and the spatial grating period �, i.e., the distance
between two regions characterized by high values of refractive
index [25], (1):

λB = 2 · ne f f · � (1)

Temperature variations (�T ) and mechanical strains (ε)
cause a change of λB(�λB), according to the following
equation [26]:

�λB

λB
= Pe · ε + [Pe · (αcl − αco) + ξ ] · �T (2)

where Pe represents the strain-optic coefficient, αcl and αco

are the thermal expansion coefficients of the fiber bonding
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material, i.e., the cladding material, and of the inner core,
respectively, and ξ is thermo-optic coefficient of the optical
fiber. In case of negligible strain, the alteration of λB is
dependent only upon temperature perturbations according to
the change of the period of index modulation, due to the
material thermal expansion, and variations of ne f f . Therefore,
(2) can be simplified and expressed as:

�λB

λB
= St · �T (3)

being St the thermal sensitivity of the grating.
Multipoint temperature measurements across a single fiber

can be achieved by embedding different gratings, characterized
by different nominal λB , in the fiber itself. The resulting FBG
array allows for quasi-distributed sensing, hence the possibility
to obtain discrete temperature profiles.

In the present study, custom-made arrays of 5 FBGs
were adopted (FiSens GmbH, Braunschweig, Germany). Fem-
tosecond point-by-point writing technology was exploited in
order to inscribe FBG arrays in the core of a single-mode
optical fiber (1550 nm wavelength operation range, 10 nm
distance between Bragg wavelengths of consecutive gratings,
polyimide-coated fiber with a diameter of ∼150 μm).

This technique allows inscribing gratings with high
precision in materials that are not photosensitive and to
customize the grating characteristics to attain a vast range
of grating lengths [16]. Moreover, FBGs attained with fem-
tosecond lasers are characterized by high thermal stability
in comparison to UV light-induced FBGs [27], and dis-
play high reflectivity when inscribed in resistant protective
coating (e.g., polyimide coating) [28]. All these features
make femtosecond laser-induced gratings well suited for tem-
perature monitoring of laser thermotherapies. In particular,
the selection of the protective coating material utilized in this
study refers to the high performances, the high mechanical
strength, and peculiar thermal properties of polyimide, e.g.,
low thermal conductivity [12], [29], and high-temperature
resistance, when compared to the standard acrylate coat-
ings [16]. These characteristics may be beneficial for thermal
monitoring of nanoparticle-mediated photothermal and laser-
assisted therapies where high temperatures (>100 ◦C) can be
observed [30].

The total sensing length of the array was designed to
fit the typical diameter of a subcutaneous tumor in mice
(∼5 mm -7 mm [31]), thus the grating length (i.e., 0.5 mm)
and edge-to-edge distance between gratings (i.e., 0.7 mm)
were chosen consequently. The discrimination of the FBGs in
the portion of the spectrum ranging from 1460 nm to 1620 nm
of the Micron Optics HYPERION si255 optical sensing inter-
rogator (Micron Optics, Atlanta, USA, wavelength accuracy
1 pm, corresponding to 0.1 ◦C), thus the wavelength-division
multiplexing of the FBGs, was assured by the change of
grating periods along the array, performed while inscribing
the fiber. The optical reflected spectrum of the FBG array
measured by the optical spectrum analyzer is displayed in
Fig. 1 (the FBG sensors were characterized by a reflectivity
value >30%).

Fig. 1. Reflection spectrum of the FBG array fabricated with femtosecond
point-by-point writing technology: 5 peak Bragg reflections equidistant in
the 1530.6 nm - 1569.7 nm wavelength range.

B. Static and Dynamic Calibrations
The sensors response to a temperature variation of about

100 ◦C was evaluated to assess the St . Particularly, FBG
sensors were calibrated in a thermostatic chamber in the tem-
perature range from 27 ◦C to 130 ◦C. The selected temperature
interval was chosen to ensure to include the temperature values
to which the sensors were subjected during the experimental
procedures. The tests were repeated three times.

Concerning the dynamic response of the FBG sensors,
the response time τ was evaluated by transferring the segment
of the optical fiber embedding the array of 5 FBG sensors
from room temperature to a vessel filled with warm water, at a
temperature of about 36 ◦C, that was monitored by a type K
thermocouple (0.1 ◦C accuracy). The described experimental
procedure was repeated three times.

The optical reflected spectrum of the FBG array was mea-
sured by the spectrum analyzer (sample frequency of 1 kHz,
which is the highest selectable value). Considering a first-order
system as a model of the sensor response [32], the value of
τ was estimated through the linear regression of the natural
logarithm of the error fraction function 	(t):

	(t) = y(t) − yss

y0 − yss
= e− t

τ (4)

being y(t) the output value at the instant t , y0 the value at the
beginning of the step, and yss the output value at the steady
state.

III. PHOTOTHERMAL TREATMENT

The following paragraphs describe the establishment of
the tumor model, the subsequent administration of the laser-
absorbing AuNRs, the experimental setup to perform the pho-
tothermal procedure, and the related FBG-based temperature
monitoring.

A. Tumor Model and AuNRs Injection
The City of Hope Beckman Research Institute Institutional

Animal Care and Use Committee reviewed and approved
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Fig. 2. (a) Scanning electron microscope image of MUTAB-coated
AuNRs. (b) Image of a tumor-bearing mouse with the optical fiber used
for quasi-distributed temperature measurements. (c) Experimental set-
up: (1) laser settings control system, (2) laser source module, (3) laser
tip, (4) optical fiber, (5) interrogation unit, (6) system employed for the
spectral analysis. (d) Position of fiber embedding the array of 5 FBGs
inside the tumor.

all the animal procedures. Athymic nude mice (Charles
River) were injected in upper thigh with 10,000 Red firefly
luciferase (Red-FLuc) 4T1 breast cancer cells in 50 μL
RPMI and 50 μL Matrigel. Sixteen days after tumors
establishment, a charge-coupled device camera (Xenogen
IVIS-100, Xenogen Corporation, Almeda, CA) was used
to confirm viable engraftment. Tumors were divided into
four treatment groups (3 tumors/group). The first two
groups were selected to undergo laser irradiation at a
wavelength of 940 nm. Therefore, the first group was
injected with 11-mercaptoundecyltrimethylammonnium bro-
mide (MUTAB)-coated AuNRs, provided by Nanopartz™,
with peak absorption at 950 nm to match with the correspond-
ing radiation wavelength; the second group was injected with
saline solution (Phosphate-buffered saline, PBS) to evaluate
the thermal tumor response in absence of the nanoparticles.
The third and fourth groups were chosen to be exposed
to 1064 nm-radiation, and they were respectively injected
with MUTAB-coated AuNRs (peak absorption at 1050 nm,
Nanopartz™) and PBS. The amount of AuNRs for each tumor
injection was 12.5 μg, while the injected volume of PBS was
20 μL/tumor.

Fig. 2(a) depicts the scanning electron microscope image of
the MUTAB-coated AuNRs employed in this study. The choice

TABLE I
POSITIONS OF THE FBG SENSORS ALONG THE FIBER. THE POSITION

CORRESPONDING TO THE CENTER OF EACH GRATING IS REPORTED

(STARTING OF THE ARRAY EQUAL TO 0 mm)

of nanoparticle functionalization with MUTAB was adopted to
promote cell uptake [33]. Tumors were ellipsoidal or quasi-
spherical with an average dimension measured with a digital
caliper along the longest axis of ∼6.6 mm.

B. Photothermal Experimental Set-Up and
FBG-Based Thermometry

Prior to laser irradiation, mice were anesthetized with isoflu-
rane (4% isoflurane in 1.5 L/min oxygen flow). Diode lasers
(LuOcean Mini 4, Lumics, Berlin, Germany) with characteris-
tic wavelengths of 940 nm and 1064 nm were used to irradiate
the subcutaneous tumors. Lasers operated in a continuous
mode at a power of 2.6 W and with a beam spot size chosen to
cover the whole tumor regions (∼0.8 cm in diameter). Laser
radiation was delivered in contactless approach through a
quartz optical fiber (OZ Optics Ltd., Ottawa, Canada), orthog-
onally positioned above subcutaneous tumors (Fig. 2(c)). FBG
arrays, characterized by only a single connectorized end, were
inserted into tumors through a 28.5-gauge needle, which was
removed before the photothermal treatment; the central FBG
sensor was located at the center of the tumor (Fig. 2(d)).
Table I reports the FBG sensors positions along the optical
fiber. The temperature profiles across the sensing part of the
fiber were reconstructed from the measured spectra (sampling
frequency equal to 10 Hz).

Once inserted inside the tumor, the sensors output before
starting the thermal treatment was also acquired to assess the
effect of physiological movements on the sensors response.

IV. RESULTS AND DISCUSSION
A. Static and Dynamic Calibrations

The static temperature sensitivity coefficient St for the FBG
array resulted equal to (6.83 ± 0.01) · 10−6 ◦C−1, which
agrees with the typical static sensitivity of this kind of sensors.

Concerning the analysis of the FBG transient response,
the estimated response time τ was 6.0 ± 1.2 ms. Fig. 3(a)
reports the typical step response of one FBG sensor, while
Fig. 3(b) depicts the trend of the natural logarithm of the
error function and the fitting curve for the calculation of τ .
The attained value of the time constant demonstrated the fast
FBGs response, which may be well suited for application in
which the detection of sudden temperature variations can be
advantageous, such as in nanoparticle-enhanced photothermal
ablation [34].

B. Effects of the Physiological Movement on the FBG
Array Output Signal

Considering the strain sensitivity of FBGs, the employed
sensors are prone to a cross-sensitivity phenomenon, ascribed
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Fig. 3. (a) Step response of one of the 5 FBG sensors embedded
in the employed optical fiber. (b) Trend of the natural logarithm of the
error function versus time (4) and associated linear fitting curve for the
estimation of the time constant.

to the deformation due to physiological movements of the
animal, such as breathing, which may, in turn, influence
the temperature monitoring [35]. Therefore, the FBGs output
was acquired for 10 s before proceeding with the photother-
mal treatment to assess possible signal alterations due to
physiological repetitive patterns (e.g., mouse respiratory rate:
60-220 breaths per minute [36]). The FBGs signals registered
once the sensors were positioned within the subcutaneous
tumors were compared with the optical signal acquired at
environmental temperature (i.e., 20 ◦C) outside of the tumor.
In both cases, the obtained root mean square errors (RMSEs)
evaluated on the detected FBGs signals were lower than
0.23 ◦C. In Fig. 4, the output registered by the FBGs inserted
within the tumor region prior to laser irradiation is reported.

Several studies estimated the measurement errors induced
by respiratory movements on the FBG-based temperature
monitoring of laser treatments both on in vivo large animal
models and with simulated respiratory acts in the ex vivo
scenario. The observed strain-induced artifacts resulted up to
2.5 ◦C - 3 ◦C, due to substantial fiber deformation [23], [35].
Conversely, in the present case study, the attained RMSE
values suggest that the influence of the animal movements
could be considered negligible on the registered temperature
output.

Fig. 4. Output signals (converted into temperature change versus time)
of the FBG sensors positioned inside the subcutaneous tumor, before
the laser irradiation procedure.

Fig. 5. (a) Reflection spectrum of the 5-FBG array fabricated with the
femtosecond point-by-point writing technology before laser irradiation
(blue line) and at the end of the exposure (red line). (b) Close-up on
the optical spectrum relative to the central FBG of the array (FBG 3)
recorded before and after NIR exposure.

C. High-Resolved Thermal Evaluation of in Vivo
AuNR-Enhanced PTT in the Tumor Model

The signals acquired by the FBGs positioned within the sub-
cutaneous tumors were analyzed in MATLAB®(Mathworks,
Natick, MA, USA) environment. Fig. 5 shows a typical optical
reflected spectrum before and at the end of the photothermal
ablation procedure (Fig. 5(a)), with a focus on the central
grating (FBG 3) (Fig. 5(b)).

Here, the wavelength variation due to the laser-induced
temperature change can be observed. Indeed, the increment
of temperature causes a proportional shift on the acquired
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(a) 

(b) 

Fig. 6. Temperature evolution: mean temperature changes, and
associated measurements uncertainties (shadowed lines), of tumors
injected with AuNRs or PBS (saline solution) irradiated with laser at
(a) 940 nm or (b) 1064 nm.

optical spectrum. In the present study, to reduce the possibility
of cross-sensitivity to deformations, the FBG sensors were
injected into tissue with a needle that was afterward removed
prior to thermal treatment. That is to attain a slightly looser
adhesion between the fiber and tissue, thus reducing possible
strain effects, while preserving the multipoint measurement
capability [37].

To characterize the thermal effect of the enhanced light-
into-heat conversion, exerted by the laser-absorbing AuNRs,
the evaluation of the internal temperature evolution of the
tumor lesions was performed for the 4T1 tumor-bearing mice,
injected with AuNRs or PBS, and subsequently undergoing
laser irradiation at different wavelengths.

Fig. 6 represents the trends of the average temperature
changes over time recorded by the FBG sensors during PTT
for both AuNR-treated and PBS controls, and the associated
measurement uncertainties (95% confidence level [38]).

Concerning the photothermal treatment performed with the
diode laser emitting at 940 nm, the average temperature change
among PBS-treated tumors was 47.6 ± 1.2 ◦C, while the
combination of the laser-absorbing AuNRs resulted in an
enhanced photothermal response which led to a temperature
variation up to 53.9 ± 3.1 ◦C, after 3 min-laser exposure
(Fig. 6(a)). Moreover, considering all PBS-injected tumors,
the 940 nm laser showed the maximum temperature increase
(i.e., 48.8 ± 1.0 ◦C). Conversely, the thermal treatment
performed with the laser wavelength of 1064 nm, showed
average temperature changes, after 3 min irradiation, equal
to 40.0 ± 2.4 ◦C and 53.2 ± 3.4 ◦C, in the absence

and after intratumoral administration of AuNRs, respectively
(Fig. 6(b)). The subcutaneous breast cancer tissue, on which
the experimental trials have been performed, is a dynamic and
highly complex turbid media, in which the light propagation
and subsequent photothermal conversion are regulated by the
intrinsic tissue optical and physical properties [39]. Despite
the difficulty to estimate the optical properties of the specific
samples, our attained FBG-based temperature measurements
in PBS controls are in accordance with the optical properties
calculated for the skin and breast tissue [40], [41]. The
obtained higher temperatures changes in PBS-injected tumors
for the radiation of 940 nm may be ascribed to the higher
tissue absorption close to 940 nm, compared to 1064 nm (e.g.,
effective attenuation coefficients of 3.1 cm−1 and 2.5 cm−1

for wavelengths of 950 nm and 1064 nm, respectively, calcu-
lated for the skin in a small animal model [40]). Moreover,
the 940 nm stimulation wavelength is closer to the absorption
peak of lipids, which are one of the principal components
of breast tissue [42], [43]. The injection of AuNRs resulted
in higher temperature values registered by the FOSs in all the
nanoparticle-treated groups. Particularly, the mean temperature
difference between AuNR and control groups after an exposure
time of 3 min was ∼13 ◦C in the case of 1064 nm, and
∼6 ◦C for 940 nm-radiation. These temperature results suggest
that with 1064 nm laser irradiation associated with AuNRs
a higher therapy selectivity may be achieved compared to
the AuNR-laser radiation combination at 940 nm wavelength.
The different temperature increase after administration of the
nanoparticles can be explained by the different penetration
depths characterizing the employed lasers. While the 940 nm
light is mostly absorbed by the superficial components of
tissue due to reduced optical penetration, the 1064 nm lasers
can further penetrate the biological media, thus reaching also
AuNRs located in the inner part of the lesion, where the
FBGs are placed. The subsequent photothermal conversion
might explain the highest thermal values compared to con-
trols, for the latter case. It is worth noticing that in case of
AuNR injections, in all the treated groups, the measurement
uncertainties of the registered temperature resulted higher than
in control cases. This is in line with studies concerning the
difficulty to regulate the effective photothermal outcome due
to the complicated control of nanoparticle distribution at the
tumor site [31]. That, in turn, may lead to different temperature
values registered by the sensors of the FBG array, embedded
within the same subcutaneous tumors.

The thermal efficiency ratio expressed as the aver-
age temperature increase of the tumor group undergoing
AuNR-assisted photothermal ablation with respect to the
average temperature change experienced by the PBS tumors
undergoing laser irradiation resulted equal to 1.25 and 1.33,
respectively for 940 nm, and 1064 nm wavelengths. The
obtained values are consistent with the result attained in a
previous study for the investigation of the internal tumor
temperature on subcutaneous tumors (∼1.36), considering the
same AuNR concentration, same exposure time, with different
temperature monitoring techniques, i.e., k-type thermocou-
ples [4]. The described differences can be due to the employed
setting parameters and wavelength, as well as nanoparticle size
utilized in [4].
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Fig. 7. Two-dimensional thermal maps (distance along the fiber versus time) attained through FBG-based thermometry of AuNR- or PBS-injected
subcutaneous tumors undergoing irradiation at: (a) 940 nm, or (b) 1064 nm laser wavelength.

Regarding the evaluation of the thermal distribution,
the reduced dimensions (0.5 mm grating length) of the adopted
point-by-point laser-inscribed FBGs, compared to the ones
used for thermometry during thermal treatments (with a typical
minimal grating length of 1 mm [20], [21], [44]), resulted
in a high spatial resolution, i.e., 1.2 mm. This feature per-
mitted to reconstruct high spatially resolved two-dimensional
thermal maps of the internal tumor temperature during the
photothermal procedure, in tumors with an average dimension
of ∼6.6 mm.

Fig. 7 shows the average temperature values in time for each
FBG, distributed along the array, during PTT performed on
AuNRs- and PBS-injected tumors performed at the different
radiation wavelengths. A linear interpolation was applied
between consecutive FBG sensors. For all the temperature
change profiles an increment is observable after the application
of laser radiation at the instant t = 0 s. In case of AuNRs assis-
tance for the two different wavelengths and also PBS samples
for 940 nm, temperature changes >45 ◦C are observable in
tumors after 2 min-exposure times; whereas, when the PBS
was injected, temperature increases remained lower than 43 ◦C
for 1064 nm radiations, even at the end of treatment.

The acquired temperatures are predominantly in accordance
with the relative position of FBG sensors and the Gaussian
intensity distribution of the forward peaked laser beam, since
in ∼70% of tumors the highest temperature was measured by
the central sensor of each array (FBG 3) positioned along
the beam axis, hence subjected to a relevant temperature
gradient.

The lack of this correspondence in some samples can be due
to the intrinsic biological tissue optical inhomogeneities [45],

and to the non-uniform nanoparticle distribution [9] in case
of AuNR-assisted PTT. These factors can lead to maximum
temperature values registered by FBGs which are not located
along the beam central axis, thus more distant from the laser
tip.

Overall, the millimeter-resolved FBG-based thermometry
proved to be effective for the accurate description of the tumor
thermal behavior during the laser treatments. Considering the
strict criteria required for an adequate temperature monitoring
of thermal therapies, i.e., spatial resolution of 1-2 mm, acqui-
sition time of seconds, recommended accuracy of 1-2 ◦C [46],
[47], the implemented sensing system demonstrated to meet
the desired characteristics. Indeed, the sensing solution based
on femtosecond laser inscribed FBG array (spatial resolution
of 1.2 mm, accuracy of 0.1 ◦C) allowed for the detection of
thermal gradients occurring during nanoparticle-assisted PTT
performed on tumors with an average dimension of ∼6.6 mm.
The interesting features, such as sub-centimetric dimensions,
multiplexing capability, and flexibility [13] encourage the use
of these sensors as minimally invasive multipoint temperature
probes in neoplasms with small sizes or complex geometries.
Furthermore, the capability to assess the internal temperature
evolution in several points with high temporal resolution can
be beneficial during procedures in which fast heating kinetics
are expected.

The sensing solution herein proposed permitted to assess the
internal temperature increase during treatments, and the attain-
ment of two-dimensional maps of tissue thermal effect, due
to the laser-nanoparticle interaction, thanks to highly accurate
and resolved measurements. The immunity from electromag-
netic interferences, biocompatibility, and high metrological
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characteristics (e.g., short time response, high thermal sen-
sitivity, and sub-millimetric resolution) are also advantageous
features of the implemented FBG-based sensing system for
nanoparticle-enhanced PTTs. Furthermore, the possibility to
embed several FBGs within a single fiber to be inserted within
deep-seated tissue reduced the invasiveness of the thermometry
approach compared to contact and single-point measurement
transducers, often utilized in nanoparticle-assisted PTT [4],
[8], [48]. For instance, the number of inserting points should
be increased to attain the same multipoint temperature descrip-
tion in the tumor by means of thermocouples. Additionally,
the use of FBGs sensors permitted the avoidance of overesti-
mation or underestimation of the obtained temperature change
due to heat conductivity and radiation absorption, which are
typical downsides of thermocouples [49], [50], thanks to
the NIR radiation-compatible properties of silica glass and
polyimide material [16], [29], [51] of the fiber.

To the best of our knowledge, this is the first-ever detailed
investigation of the use of custom-made FBG arrays for the
monitoring of in vivo nanoparticle-enhanced PTT in breast
cancer tumor models. In this context, future studies could
benefit from an increased number of gratings within the
same fiber or distributed fiber optic-based sensors which
theoretically permit an infinite number of sensing points.
This could allow the investigation of the optimal thermal
effect in diverse relevant positions within the tumor region,
during nanoparticle-mediated PTT. Additionally, thanks to the
fast response and accuracy of the sensing system, further
developments should focus on the real-time analysis of the
achieved internal temperature during the irradiation and the
subsequent adjustment of the procedural settings. This could
in turn pave the way to more controlled thermal dosimetry for
nanoparticle-assisted thermal treatments.

V. CONCLUSION

In the present study, we investigated the feasibility of
FBG arrays for internal tumor thermometry during in vivo
AuNR-mediated PTT in breast cancer models. The FBG
sensors, obtained with femtosecond laser inscription, allowed
for high spatial resolution and multiple sub-millimetric sensing
points within a single fiber. The metrological characteris-
tics of the sensors fulfilled the requirements for temperature
monitoring during thermal therapy applications. Moreover,
the investigation of the effects of the physiological movements
demonstrated that the output of the sensors was not influenced
by the strain cross-sensitivity. Concerning the PTT, this quasi-
distributed sensing solution allowed the comparison of the
temperature enhancement induced by different combinations
of AuNRs and laser wavelengths (i.e., 940 nm and 1064 nm).
The results of this study pave the way to an alternative
approach for multipoint temperature measurements inside
tumors undergoing PTT, as a support for the definition of the
optimal therapy settings.
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