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Abstract: The development of new effective cancer treatment methods has attracted much attention,
mainly due to the limited efficacy and considerable side effects of currently used cancer treatment
methods such as radiation therapy and chemotherapy. Photothermal therapy based on the use of
plasmonically resonant metallic nanoparticles has emerged as a promising technique to eradicate
cancer cells selectively. In this method, plasmonic nanoparticles are first preferentially uptaken by a
tumor and then selectively heated by exposure to laser radiation with a specific plasmonic resonant
wavelength, to destroy the tumor whilst minimizing damage to adjacent normal tissue. However,
several parameters can limit the effectiveness of photothermal therapy, resulting in insufficient
heating and potentially leading to cancer recurrence. One of these parameters is the patient’s pain
sensation during the treatment, if this is performed without use of anesthetic. Pain can restrict the
level of applicable laser radiation, cause an interruption to the treatment course and, as such, affect
its efficacy, as well as leading to a negative patient experience and consequential general population
hesitancy to this type of therapy. Since having a comfortable and painless procedure is one of the
important treatment goals in the clinic, along with its high effectiveness, and due to the relatively
low number of studies devoted to this specific topic, we have compiled this review. Moreover,
non-invasive and painless methods for temperature measurement during photothermal therapy
(PTT), such as Raman spectroscopy and nanothermometry, will be discussed in the following. Here,
we firstly outline the physical phenomena underlying the photothermal therapy, and then discuss
studies devoted to photothermal cancer treatment concerning pain management and pathways for
improved efficiency of photothermal therapy whilst minimizing pain experienced by the patient.

Keywords: nanoparticles; photothermal therapy; cancer; pain management; Raman spectroscopy

1. Introduction

Cancer is one of the biggest health problems around the world. In their lifetime, one in
two people will develop the disease and one in three will die from it [1]. In 2020, 2.7 million
people in the European Union were diagnosed with the disease, and another 1.3 million
people lost their lives to it [2]. Furthermore, incidence and deaths are predicted to increase
by more than 24% by 2035, making it the leading cause of death in the EU [3]. Due to the
increasing cancer mortality, associated also with increasing population age, developing
an effective therapeutic method has become a critical clinical priority. Surgical resection,
radiation therapy, chemotherapy, and their combination are traditional cancer treatment
approaches used in the clinic [4–8]. Radiation therapy and chemotherapy have been used
to eradicate the cancer cells and inhibit them from spreading in the body (metastasis) after
the surgical procedure [9,10]. However, these approaches have also significant drawbacks,
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such as irreversible damage to healthy tissues, limited therapeutic efficacy, and reduced
patient’s quality of life. Finding an efficient and safe cancer treatment method with reduced
side effects has therefore attracted considerable attention among researchers [5,6,11–13].

In recent years, increasing the temperature of tumor cells using external heat sources,
e.g., ultrasound, microwaves, and lasers, is emerging as a promising technique for the
treatment of different cancers [14–16]. In this area, in particular, photothermal therapy (PTT)
has attracted major attention as a promising method due to its ability to eradicate cancer
cells by delivering a specific amount of energy to the tumor [5,17–19]. In this approach, the
temperature of tumor tissue is increased to 41–50 ◦C using a high-power near-infrared (NIR)
laser [20,21]. Cancer cells are more sensitive to heat than normal cells due to the differential
expression of heat shock proteins (HSPs) involved in the cellular defense system against
different stressors such as heat. Therefore, cancer cells will irretrievably be damaged by
these elevated temperatures due to protein denaturation [22–28]. These damages can then
lead the cancer cells to apoptosis (≤45 ◦C) or necrosis (>50 ◦C). In other words, moderate
(40–45 ◦C for 15–60 min) and high-temperature hyperthermia (>50 ◦C for 4–6 min) are the
main thermal therapy programs in the clinic [29]. Furthermore, the temperature increase at
the tumor site can sensitize the cells to other treatments, such as chemotherapy [30,31].

Since human tissues have a relatively high absorption coefficient in the visible range
of the electromagnetic spectrum, the excitation wavelength used in PTT is typically cho-
sen from within the “biological window”, a combination of the NIR-I (650–950 nm) and
NIR-II spectral ranges (1000–1400 nm) [32–34], to increase the NIR laser penetration
depth [21,31,35,36].

With insufficient heating, self-repairing mechanisms such as heat shock proteins (HSPs)
can be activated in cancer cells during hyperthermia, and consequently PTT treatment
efficacy can decline [37]. To inhibit these mechanisms, plasmonic nanoparticles (NPs)
are often used in PTT to induce a sufficient and selective local temperature rise to the
neighboring cancer cells [38]. Metallic plasmonic NPs used in PTT are the photothermal
agents that can absorb laser energy and convert it into heat (photothermal conversion).
These NPs should possess strong absorption and heat conversion efficiency in the NIR
region [21,39,40]. Gold NPs (AuNPs) are the optimum candidates for PTT due to their
high NIR absorption, tunable resonance, and high conversion efficiency. The absorption
properties of AuNPs are determined by several parameters, such as size, shape, and
surface coating [21,23].

Besides AuNPs, carbon-based nanomaterials (CBNs) such as carbon nanotubes (sin-
gle and multi-walled), graphene-based NPs such as graphene oxide (GO), and graphene
quantum dots (GQDs) have shown promising outcomes in PTT studies [41–45]. Carbon nan-
otubes’ electronic and optical properties depend on the diameter and the relative orientation
of the graphene elemental hexagons with respect to the axis tube [46,47]. Graphene-based
NPs also present a honeycomb lattice formed by a single-atom-thick layer of sp2 hybridized
carbon atoms and are classified according to the oxygen content, number of layers in
the sheet, or their chemical composition [48]. The GQDs are zero-dimensional carbon
nanomaterials holding significant molar extinction coefficients and broad absorption in the
NIR region [45].

It is worth mentioning that the structure of carbon-based nanomaterials affects their
in vivo behavior and anticancer photothermal effect. It is shown that graphene nanosheets
circulate 2.2 times longer in the blood and accumulate more in the tumor compared to
the single-walled carbon nanotubes (SWCNT). The photothermal conversion effect of GO
depends on their concentration and light dose [49]. In addition, the cytotoxicity of GO is
extremely low and can also decrease the toxicity of gold nanorods [50].

PTT using plasmonic NPs possesses high selectivity towards cancer over normal
cells [17,35,51]. Additionally, PTT provides reduced invasiveness and systemic toxicity,
shorter hospitalization, negligible side effects, and lower financial costs when compared to
chemotherapy and radiation therapy [40,52–56].
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Despite these benefits, a patient’s pain can still be a critical factor limiting the PTT
applicability in clinical settings. The continuous conversion of NIR energy can induce
overheating and damage to the normal tissues close to the tumor, causing inflammation
and pain perceived by the patient [57]. Moreover, to achieve complete ablation of tumor
cells, a high-power laser may be needed to increase the tumor temperature over 50 ◦C,
which high temperature can be painful for the patient [58,59].

Other parameters that can indirectly cause pain in patients during PTT procedures
include insufficient intracellular AuNP delivery, the random intracellular distribution of
AuNPs, and their low laser−heat conversion efficacy [60].

The International Association for the Study of Pain (IASP) defines pain (accepted
also by the World Health Organization (WHO)) as a subjective unpleasant sensory and
emotional experience associated with actual or potential tissue damage [61,62]. Although
future updates have been made to the list of associated pain terms, the IASP definition
of pain itself has remained unchanged [63–67]. Based on established pain terminology,
experiences that appear similar to pain but are not unpleasant, such as pricking, should not
be classified as pain. On the other hand, unpleasant abnormal experiences (dysesthesia)
are not necessarily pain since they might not have the typical sensory qualities of pain.

Many people report pain in the absence of tissue damage or pathophysiological
causes due to psychological reasons; for instance, pulsed infrared laser exposure can elicit
compound nerve and muscle action potentials with resultant muscle contraction (optical
nerve stimulation) [68,69]. It is worth mentioning that there is no method to distinguish
patients’ experience from that due to tissue damage in the case of subjective reports. If
patients consider their experience as pain and report it in the same way as pain caused by
tissue damage, it should be accepted as pain since the definition has not tied pain to the
specific stimulus [63].

To clarify pain terminologies and the underlying physiological phenomena, in Table 1,
we list the most commonly used terminologies, including noxious stimulus, nociceptor, and
nociceptive stimulus [70]. Briefly, a noxious stimulus is a stimulus that damages normal
tissues and causes pain. Some types of tissue damage are not detected by any sensory
receptors and hence do not cause pain. Therefore, not all noxious stimuli are adequate
stimuli of nociceptors that are sensitive receptors to the noxious stimulus. The adequate
stimuli of nociceptors are termed “nociceptive stimuli”, a subset of noxious stimuli that are
tissue-damaging events transduced and encoded by nociceptors. Non-nociceptive receptors
(e.g., tactile receptors, hot/cold receptors) may respond to noxious stimuli (e.g., mechanical
or thermal, respectively) when these stimuli are above their particular thresholds. However,
only nociceptors can encode the relevant properties of those stimuli (e.g., sharpness, heat
intensity in the painful range) [70,71].

Table 1. IASP basic pain terminologies.

Terminology Definition

Pain A subjective unpleasant sensory and emotional experience
associated with actual or potential tissue damage.

Noxious stimulus Stimulus that is damaging to normal tissues and causes pain.

Nociceptive stimulus An actually or potentially tissue-damaging event transduced
and encoded by nociceptors.

Nociceptor A receptor preferentially sensitive to a noxious stimulus or a
prolonged stimulus that would become noxious.

Pain threshold The minimal intensity of a stimulus that is perceived as painful.

Pain tolerance level The maximum intensity of a stimulus that evokes pain and that
a subject is able to tolerate in a given situation.

Since pain is a crucial parameter restricting the PTT clinical applications and, to the best
of our knowledge, there is no comprehensive review study on pain management during
PTT, this literature evaluation was carried out to overview different pain management
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strategies in PTT. To this end, we reviewed all clinical and animal PTT studies in which
authors managed pain during the treatment application. The main keywords for the
literature review were photothermal therapy, laser thermotherapy, complications, and pain.
Most studies reporting pain management in patients during laser interstitial hyperthermia
(without plasmonic nanoparticles) were performed in the 1990s. Regarding the similarities
between laser interstitial hyperthermia and PTT (nanoparticles involved), the strategies of
pain management applied in these studies were considered potential pain management
methods in the future human PTT.

It should be noted that the principal pain management strategy during the PTT proce-
dure remains (local) anesthesia, as with other clinical procedures. However, it is not always
possible or desirable to employ this approach for clinical or other practical reasons (cost,
availability). Different side effects and risks have been reported during pediatric anesthesia,
such as asthma, upper respiratory tract infection, and cardiac arrest [72]. Moreover, anesthe-
sia risks might be higher in patients with diabetes, high blood pressure, kidney problems,
obstructive sleep apnea, and heart disease [73]. Wernli et al. showed that the overall risks
of adverse outcomes within 30 days following coloscopy were higher among patients who
received anesthesia than those who did not indicate the use of anesthesia services [74].
Regarding anesthesia drawbacks, other pain management strategies become critically im-
portant in a PTT procedure. On the other hand, traditional pain relief medication can also
be applied for post-treatment pain relief. The pain management strategies mentioned in
this review are the methods that have been used in studies as well as traditional pain
relief medication.

Principle of Photothermal Therapy Using AuNPs

To mitigate and manage the pain during PTT, it is required to increase the treatment
efficiency by optimizing the parameters involved in the nanoparticles’ laser–heat conversion
efficiency during laser exposure. To this end, the physical phenomena underlying the
laser–heat conversion efficiency of plasmonic NPs will be discussed in this section. In the
following part, effective parameters that can modify the conversion efficiency are discussed.

The lack of selectivity and the requirement of a high-power laser can be mitigated by
using plasmonic NPs such as AuNPs in mediating PPT [75,76]. In other words, plasmonic
NPs with high laser–heat conversion efficiency can selectively be uptaken by cancer tumors,
most commonly due to the presence of a leaky vasculature, and under NIR laser irradia-
tion (700–1000 nm), only cancerous tissue is heated above the damage threshold [77,78].
Consequently, PTT causes intracellular effects such as DNA damage and destruction of
aberrant functional proteins in cancer cells [46,79]. Furthermore, rapid AuNP heating due
to high-energy irradiation leads to cellular necrosis, which can trigger the release of cellular
waste and damage-associated molecular patterns (DAMPs). On the other hand, low-power
PTT can induce cellular apoptosis, triggering antitumor immunogenic responses [80,81].

AuNPs can convert NIR light into heat, on a picosecond timescale, due to their unique
optical property called “localized surface plasmon resonance” (LSPR), which originates
from the collective oscillations of conduction electrons at the surface (surface plasmon)
in response to a specific laser wavelength, resulting in amplified laser absorption and
scattering (Figure 1) [82]. The LSPR wavelength strongly depends on AuNPs’ properties,
which can be optimized and tuned to ensure the highest laser–heat conversion required to
reach the optimum temperature in the cancer tissues [83–86].
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Figure 1. Schematic diagram of the localized surface plasmon resonance due to collective oscillations
of conduction electrons at the surface of a gold nanorod in response to laser irradiation. Since the
nanorod possesses two axes, a long and a short axis, the oscillations of the electron cloud can happen
along both axes. Adapted with permission from [82].

In detail, the amount of laser power that is absorbed by a single AuNP is dependent
on its absorption efficiency, aeff, i.e., the ratio between absorption cross-section, σabs, and
extinction cross-section, σext:

σext = σabs + σscat, (1)

and
aeff = σabs/σext, (2)

where σscat is the scattering cross-section of the AuNP (m2) [35]. When an AuNP absorbs
laser photon energy, a nonradiative process can take place, resulting in the dissipation
of the absorbed energy into heat and inducing a temperature increase in the AuNP and
its surroundings, called the photothermal effect [87]. During this process, the oscillating
surface electrons transfer their kinetic energy into the gold nanoparticle lattice through
electron−phonon interactions within a timescale of 2–5 ps, followed by phonon−phonon
interactions with the surrounding medium within 100–380 ps [88,89].

Finally, heat dissipates through particle−medium interfaces at a rate that depends
on the medium and particle size. The photothermal conversion efficiency of AuNPs
strongly depends on several parameters, including plasmon resonance wavelength, in-
cident radiation wavelength, AuNP size, shape and morphology, surface coating, and
assembly state [90–92].

Photothermal conversion efficiency is defined as converting absorbed light energy into
localized heat and usually mentioned as a percentage (Table 2) [93]. Plasmonic NPs possess
a wide conversion efficiency range in the NIR-I and NIR-II regions [83,92,94–109]. Table 2
lists reported conversion efficiencies for several nanostructures regarding the most influen-
tial parameters, such as laser frequency, power, and NP size. The available PTT coupling
agents mainly comprise metal nanoparticles (Au, Ag, Pd, and Ge), semiconductor nanopar-
ticles, and carbon-based nanomaterials (carbon nanotubes and graphene). Gold-based
nanoparticles display strong NIR absorption properties and consequently heat conversion
efficiencies as high as 80% [110,111]; for instance, the conversion efficiency of Au nanorods
at 809 nm ranges from 13% to 96% and decreases as the effective radius increases [92].

Table 2. Photothermal conversion efficiency of different materials.

Materials Size (nm) Laser Wavelength
(nm)

Laser Irradiance
(or Power)

Reported
Conversion

Efficiency (%)
Ref.

Au nanorods 5 × 27 800 2 W/cm2 21 [94]

Au nanorods 10 × 41 808 1 W/cm2 17 [95]

Au nanorods 13 × 44 815 - 62 [96]

Au nanorods 15 × 50 980 0.51 W/cm2 23.7 [97]
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Table 2. Cont.

Materials Size (nm) Laser Wavelength
(nm)

Laser Irradiance
(or Power)

Reported
Conversion

Efficiency (%)
Ref.

Au nanostars 36 808 2 mW 74 [98]

Au nanoshells 65 800 2 W/cm2 13 [94]

Au nanospheres

5

532 228 mW

80

[83]
15 78
19 73
40 69.4
50 65

Ag@Ag2S core–shell
structures

25
635

420 mW
63.7

[99]808 64.7
1064 79.3

Au-Ag2S hybrid 88 ± 8 809 1.72 W 64 [92]

Au-ZnS hybrid 160 ± 8 809 1.72 W 86 [92]

Au nanopolyhedrons 3 ± 1 809 1.72 W 18 [92]

hollow silicon oxide
nanoparticles (H-SiOx NPs) 150 1064 0.6 W/cm2 48.6 [100]

copper selenide
(Cu2xSe) nanocrystals 16 800 2 W/cm2 22 [94]

Cu9S5 nanocrystals 13 ×70 980 0.51 W/cm2 25.7 [97]

PEG-coated copper sulfide
nanoparticles (CuS) 7.2 ± 0.7 970 0.18 W 71.4 [101]

MoS2 nanoflakes 50–300 808 2 W/cm2 27 [102]

PEG-coated Ti2C nanoflakes 41 ± 8 808 - 87.1 [103]

Ti2O3 nanoparticles 400 >760 7 kW/cm2 82 [104]

hollow Pt nanoframes 30 1120 1.2 W 52.5 [105]

GO 300–700
808

200 mW
4

[106]980 2

carbon-based NPs 100 1064 1.0 W/cm2 50.6 [107]

multi-walled
carbon nanotubes 10 × 1500 808 1 W/cm2 53 [108]

semiconducting polymer
nanobioconjugates (SPN) 25 808 1 W/cm2 20–30 [95]

polyaniline
nanoparticles (PANPs) 48.5 ± 1.5 808 0.5 W/cm2 48.5 [109]

2. Pain Management in PTT and Laser Interstitial Hyperthermia Treatments
2.1. Hepatic Cancer

Christian et al. in 1992 performed ultrasound (US)-guided interstitial hyperthermia
using a neodymium-doped yttrium aluminum garnet (Nd:YAG) laser with a diffuser tip
inserted in solid tissue followed by irradiation within the center of the tumor. Laser treat-
ment was performed on liver metastases in eleven patients. A dedicated multi-puncture
needle guide mountable on the transducer was designed for simultaneous laser coagulation
and temperature registration. The needle guide possessed ten parallel canals, each sepa-
rated by 5 mm. Thus, this steering device allowed accurate and simultaneous placement
of both “laser fiber needles” and “temperature needles” within the same image plane.
Laser coagulation was performed using a continuous-wave Nd:YAG laser with a 1064 nm
wavelength [112]. Interstitial temperature monitoring using “temperature needles” via a
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dedicated multi-puncture needle guide was used during treatment. The laser treatment
continued until the temperature display showed 60 ◦C or stayed constant at 45 ◦C for
15 min. The laser output was between 4 and 8 W; the exposure time varied between 5 and
45 min, depending on the size and vascularity of the metastases.

No severe complications were reported as a result of the treatment. Five patients had
no complications at all; three patients experienced temporary minor pain, two patients had
a slight increase in body temperature, and one patient developed a small pleural effusion
and pneumoperitoneum, both resolving without any therapy.

Amin et al. in 1993 treated fifty five liver metastases in 21 patients using interstitial
laser photocoagulation (ILP). Tumors were irradiated with an Nd:YAG laser via optical
fibers passed through 19-gauge needles inserted under ultrasound (US) guidance. After
ILP, dynamic computed tomography (CT) showed laser-induced necrosis as a new area of
nonenhancement [113]. The maximum power was 2 W with an exposure time of 500 s. They
did not apply any thermometry during the treatment. The heating of the tumor was evident
in real-time US as an expanding and coalescing echogenic zone around the needle tips.

Several complications were reported, including severe pain in four cases, and persis-
tent pain for up to 10 days in 11 cases. Additional analgesia was often required for lesions
just under the liver capsule, either for shoulder pain due to diaphragmatic irritation or
abdominal and back pain thought to be due to heat conduction to nearby peritoneum or
retroperitoneum. In four cases (two tumors adjacent to the diaphragm and two next to the
peritoneum), the pain shortened the treatment time with intermittent bouts of 100–300 s
rather than continuous 500 s.

In another study, Masters et al. in 1992 [114] treated ten patients with a total of 18 hep-
atic metastases with interstitial laser hyperthermia using an Nd:YAG laser to achieve an
overall objective response rate of 44%. The procedure was performed under a combina-
tion of intravenous sedation and analgesia (Diazepam 5–10 mg and Pethidine 50–75 mg)
together with a 24 h regimen of intravenous prophylactic antibiotics (Flucloxacillin and
Gentamicin). Only one patient complained of shoulder tip pain, probably due to stimu-
lation of the diaphragmatic peritoneum when treating a lesion high up under the dome
of the diaphragm. Most patients described mild abdominal wall discomfort at the needle
puncture sites; however, this resolved spontaneously within 48–72 h of treatment in most
instances, and rarely required more than mild oral analgesia for relief.

The evolving thermal changes occurring at the treatment site were monitored in real
time using US (3.5 MHz). A laser power of 1.5 to 2 W per fiber was applied for at least 500 s
for each metastasis.

Vogl et al. in 2002 reported a magnetic resonance imaging (MRI)-guided laser-induced
thermotherapy (LITT) for 899 patients with malignant liver tumors [115]. A single dose
of opioids (e.g., piritramide and pethidine) was administered intravenously for pain man-
agement during and after the treatment procedure. Furthermore, antiemetic medication
such as metoclopramide and post-treatment oral pain medications such as metamizole and
tramadol were prescribed eight hours after LITT as needed. Patients regularly reported
having pain in the epigastric region during the following three weeks. The most frequent
minor complication during or after LITT was pain at the local site of catheter insertion.

The safety parameters considered before, during, and after treatment are listed in
Table 3. After treatment, all patients were instructed to take their body temperature twice
daily for eight days following LITT. Patients with a body temperature higher than 38.4 ◦C
for two days or longer took antibiotics orally for ten days, and then ultrasonography was
performed 14 days after LITT.
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Table 3. Safety parameters used before, during, and after treatment. Reproduced with permission
from [115].

Treatment Stage Actions

Before treatment
Checking possible jaundice, fever, and common cold; complete
blood count and coagulation (i.e., hematocrit, prothrombin time,
partial thromboplastin time) tests

During treatment

Monitoring of heart rate, blood pressure, and blood oxygen
level; administration of 1% mepivacaine for local anesthesia,
diazepam for mild conscious sedation, single dose of antibiotics
(usually, 2 g of cefotiam), and opioids (e.g., piritramide and
pethidine) intravenously for pain management

After treatment
(immediately)

Using opioids (e.g., piritramide and pethidine) intravenously
for pain, antinausea medication (e.g., metoclopramide), and
fluids; continuous monitoring of heart rate; monitoring of blood
pressure every 30 min for 6 h

After treatment
(delayed)

Checking possible fever, jaundice, and shortness of breath
after ten days

2.2. Breast Cancer

Harries et al. in 1994 used interstitial laser photocoagulation to treat forty-four patients
with small breast cancers using a diode laser (805 nm) under local anesthesia. A needle was
inserted aseptically into the tumor, and then the position of its tip in the center of the lesion
was checked using ultrasonography. The needle was withdrawn by approximately 5 mm
so that the tip of the fiber lay bare within the tumor. Subsequently, the lesion was treated
with a relatively low-power laser at 2–3 W and exposure time of 500–750 s. Treatment was
stopped prematurely in three patients at 200, 360, and 540 s because of pain; otherwise, all
patients tolerated the treatment without serious complications [116]. They did not monitor
the temperature during the treatment; only ultrasonography or CT monitored laser effects
(necrosis) within the tumor in real time.

Robinson et al. in 1997 investigated the preclinical development of a laser fiberoptic
interstitial delivery system for the thermal destruction of small breast cancers. They used
a 60 W continuous-wave Nd:YAG laser (Fiber Tome, Dornier Medical Systems, Munich,
Germany) with a fiberoptic delivery system that provided the power using Dornier’s light
guide protection system mode. The fiber tip was optically prevented from overheating to
avoid carbonization of the surrounding tissues. Laser irradiation started at 20 W for 30 s,
decreased to 15 W for 30 s, then to 10 W for 30 s, and finally to 7 W for 90 s (3-min cycle)
and 270 s (6-min cycle). The total calculated energy delivery was 1980 J in the 3-min cycle
and 3240 J in the 6-min cycle [117]. Temperatures in the tissue were measured by eight
separate needles, thermocouple probes (50-mm long, 23-gauge, type-T copper/constantan,
Physitemp MT-23/5, Physitemp Instruments, Inc., Clifton, NJ, USA). Each thermocouple
was calibrated against a precision thermometer.

The temperature increased to 50–54 ◦C during the whole exposure period, and the
highest registered temperature was 56 ◦C during laser exposure.

They tested their system on pigs, and postoperative pain control was initiated by an
intramuscular injection of buprenorphine hydrochloride (0.01 mg/kg) and maintained
with fentanyl transdermal patches (2.5 mg fentanyl transdermal system in 0.1 mL alcohol
USP) at a rate of 25 mg/h for 72 h, placed on the lateral aspect of the animal’s ear.

Dowlatshahi et al. in 2002 treated fifty-four patients with breast cancer using a
stereotactically guided 805 nm laser beam via fiber in a 16G needle inserted into the
tumor [118]. The average treatment time was 30 min. Five peripheral thermal sensors
(T1-T5) on the needle adjacent to the tumor displayed real-time temperature, indicating
treatment adequacy. The peripheral sensors showed the temperature increase while the
central temperature (Tc) reached them from the laser probe at the center of the tumor
(Figure 2). The treatment was terminated when all peripheral sensors recorded 60 ◦C.
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Figure 2. Schematic of laser and a temperature probes within and adjacent to the breast tumor. T1–T5
are peripheral thermal sensors. Adapted with permission from [118].

Patients might experience pain during treatment if the initial field anesthesia was in-
adequate, mandating additional injection of bupivacaine (nerve block). The skin overlying
the tumor was optionally cooled with a coolant spray in cases where the tumor was less
than one cm from the skin. After the treatment, the needles were removed, the breast was
decompressed, a light dressing was applied, and after one hour of observation, the patient
was discharged home with oral analgesics and an ice pack on the breast [118].

2.3. Prostate Cancer

Rastinehad et al. in 2019 reported a clinical trial in which laser-excited gold–silica
nanoshells (GSNs) were used in combination with magnetic resonance–ultrasound fusion
imaging to ablate prostate tumors in 16 patients focally. They used AuroLase Therapy
(Nanospectra Biosciences, Inc., Houston, TX, USA) (https://nanospectra.com/technology/
last accessed on 26 October 2021), which is a focal ablation modality that relies on laser
excitation of GSNs to selectively target and treat focal lesions within the prostate [119].

Near-infrared laser (810 ± 10 nm) light was delivered via a dual-lumen, water-cooled
catheter, housing either a 10 mm optical fiber diffuser (OFD) and power up to 4.5 W or an
18 mm OFD with power up to 6.5 W. Needle thermocouples were placed near the urethra,
urinary sphincter, and rectal wall to monitor and minimize the risk of tissue damage
near critical structures. Patients subsequently underwent laser illumination under general
anesthesia while positioned in the dorsal lithotomy position (Figure 3).

The periprostatic nerve block was performed using 1% lidocaine without epinephrine
under transrectal ultrasound guidance via the perineum. The procedure was performed
with continuous cooling irrigation via a 16 or 18 French 3-way urinary catheter. Regarding
the pain, one patient experienced transient substernal epigastric pain during the GSN
infusion, which was attributed to the cold temperature of the GSN suspension taken
directly from the storage refrigerator.

https://nanospectra.com/technology/
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Figure 3. Photothermal treatment applied to a prostate tumor using the transperineal approach.
(A) Axial view of the prostate ablation zone and the adjacent urethra and rectum overlaid with a
rectangular transperineal grid (3-mm spacing). The introducer trocars (red) penetrated the ablation
zone through the targeting grid, allowing for the 4 to 5 mm treatment radius (tan). (B) Laser introduc-
ers (orange hub) placed with the thermocouple (black) through the transperineal grid. (C) UroNav
MR/US Fusion guidance for trocar placement with real-time ultrasound imaging (Scale bar: B, 9 mm;
C, 1 cm). Adapted with permission from [119].

2.4. Head and Neck Cancer

A clinical trial, which was last updated in February 2017, investigated PTT using
AuroShell (TM) particles in patients with refractory and recurrent tumors for head and
neck cancer [120]. Three treatment groups of five patients each were enrolled and observed
for six months following photothermal treatment. Each group had received a single
dose of AuroShell (TM) particles, which are silica–gold nanoshells coated with PEG (31),
followed by one or more interstitial exposure using an 808 nm laser. Particle dose and
laser power were increased in each dosing group; three different groups in this study
included AuroShell-3.5, AuroShell-4.5, and AuroShell-5.0. The first group was treated with
the lowest level of 4.5 mL/kg AuroShell particles concentrated to 100 optical density (OD)
and 3.5 W laser power. The second and third groups were treated with up to 7.5 mL/kg
AuroShell particles concentrated to 100 OD using 4.5 and 5 W laser power, respectively.

All adverse events were reported regardless of relation to photothermal treatment.
The updated results showed that patients in the AuroShell-3.5 group had the experience
of flushing, hypoxia, hypertension, gastroesophageal reflux, chills, and neoplasm-related
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pain. Patients in the AuroShell-4.5 group experienced hypertension, ptyalism, urinary tract
infection, dehydration, muscle spasm, erythema, and generalized pain. In the AuroShell-5.0
group, only one patient did not experience any of these complications and pain.

3. Skin Pain following Laser Radiation

Pain, usually represented as “stinging”, “burning”, or “prickling”, is possibly the most
common side effect of photodynamic therapy (PDT) in the clinic, and it affects patient
compliance and the acceptance of treatment modality [121–123]. Similarly, pain sensation
due to different reasons, such as skin burning, can be one of the limiting challenges during
PTT. For both superficial and deep tumors, the first barrier in front of the laser is the
skin surface. In this regard, the protection of skin from burning during the photothermal
treatment is important.

Nociceptors located in the deeper skin layers are stimulated only via heat conduction.
Thus, high stimulus intensities and skin surface temperatures above 60 ◦C are required
in order to produce intense pain, which might already damage the stratum corneum (i.e.,
epidermis). The average depth of nociceptive terminals is 200 µm, with a range of 20 to
570 µm [124,125].

Moreover, it is essential to combine laser irradiation with water cooling of the irradiated
body surface where sensitive pain receptors are very close to the body surface [126–128].
This surface cooling is expected to significantly decrease the pain (and associated tissue
damage) accompanied by intense heating of a thin surface layer, especially in breast cancer
treatment. Moreover, the pain associated with the photothermal treatment procedure might
be diminished by the appropriate choice of irradiation parameters such as power, intensity,
fluence, and irradiation area [129]. Other strategies for skin pain management in the clinic
include topical pre-medication with lidocaine, prilocaine gel, injection of topical anesthetics,
cooling with cold air, applying nerve blocks, and pulsed laser irradiation [130–134].

Regarding nerve blocking, A-delta (Aδ) nerve fibers would be suitable candidates as
the first generators of the pain caused by laser irradiation. These fibers, found in the dermis
but not in the epidermis, are involved in the pain induced by skin overheating (more than
42 ◦C at physiological conditions) [135,136].

Li et al. performed a preliminary clinical study on the treatment of (eleven patients)
metastatic melanoma using photoimmunotherapy (ISPI), which combines selective pho-
tothermal therapy and immunological stimulation [137]. An 805 nm laser irradiation
(1 W/cm2) was applied for 10 min on each tumor along with topical applications of im-
iquimod (immune response modifier). Local anesthetic using lidocaine 1% with adrenaline
was administered for pain management; before laser irradiation, hypopigmented and
non-pigmented melanoma nodules were injected with a 0.25% indocyanine green (ICG)
dose of 0.5 mL/cm3 to increase the tumor absorption.

Furthermore, significant pain with the laser treatment was seen in around 20% of
patients during the first treatment cycle, which was usually removed with oral premedica-
tion with narcotics, although one patient needed conscious sedation. The most frequently
reported adverse events were rash (90.9%), pruritus (81.8%), and pain (54.5%).

On the other hand, measurement of the pain that patients experience during (or after)
laser exposure and PTT is complex, and this can be due to the subjective characteristics of
the pain. Patients feel pain based on their physiological and psychological aspects, and
consequently their pain tolerance is entirely different [138]. The visual analogical pain scale
is a method to score and evidence patients’ pain during treatment. In this method, the
maximal pain experienced by a patient is quantified with the aid of a visual analog scale
(VAS), as reported by Johnson and Langley and Sheppeard [139,140]. On this scale, the pain
feeling is classified from 1 to 10 (Figure 4). For each site, the patients were asked to rank
their most intense pain feeling during the illumination between 1 and 10.
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Figure 4. Visual analogical pain scale used for pain measurement during treatment. Reproduced
with permission from [138].

Barge et al. applied the visual analogical pain scale to measure the pain in patients
during laser irradiation in PDT [138]. Their results showed an increase in pain while
increasing the light radiation power. The mean pain score was 0 in the absence of light.
The mean pain score at the irradiance of 100 mW/cm2 was 3.35, and it reached a value of
6.63 at the irradiance of 180 mW/cm2 [138]. In this study, the light delivered to the skin
had a uniform distribution, as measured using a light distributor. The authors did not
mention the light dosimetry or the laser beam temporal properties (continuous wave or
pulsed); since the used irradiance (180 mW/cm2) was even lower than MPE, feeling the
pain with this intensity was unexpected [141]. The pain sensation in this study was due to
the follicular fluorescence of the used PDT sensitizers. On the other hand, the pain induced
by PDT mainly results from the hypersensitization of the nerve fibers involved in the pain
response to overheating [122]. This PDT-induced hypersensitivity would then generate
burning sensations even at physiological temperatures.

It is worth mentioning that the VAS method provides a measurement at discrete
points during the treatment and not a record of the pain encountered along with the entire
treatment course.

4. Other Strategies for Pain Management in PTT

The very first strategy to mitigate pain in PTT would be to use the lowest temperatures
able to provide the desired treatment effect (ideally ≤45 ◦C) [142]. However, under mild
temperature increases, immunologic responses in the tumor decrease cancer cell death
and elevate the risk of cancer recurrence, which is undesirable. There is no evidence
that localized NP heating to a particular temperature is less painful than heating to the
same temperature without NPs, but reaching an acceptable therapeutic temperature in the
presence of NPs would need less exposure power and intensity than the situation without
NP administration. Higher nanoparticle conversion efficiency means less laser irradiation
and, consequently, less pain due to skin burning or healthy tissue damage during the
photothermal treatment.

Accordingly, to compensate for the attenuated therapeutic effects of using as low
a laser irradiation energy as practical and to boost the PTT efficacy, the development
of photothermal nanostructures for more efficient NIR laser energy-to-heat conversion,
especially with enhanced cellular uptake in cancer cells and localized accumulation in
heat-hypersensitive subcellular organelles, is of great importance [143]. Hence, develop-
ing novel nuclear targeting photothermal agents with efficient photothermal conversion
properties, acceptable biocompatibility, simple fabrication, and particularly intranuclear
accumulation is highly desired for subcellular targeted PTT with considerably lower NIR
laser exposure [60].
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For effective tumor treatment, increasing the local temperature above 50 ◦C is nec-
essary to reach the total necrosis of cancer cells. The cell apoptosis induced by lower
heating (i.e., mild PTT such as at 45 ◦C) might be repaired through the assistance of tumor
HSPs [60,142,144]. An efficient tumor-killing approach has been reported using graphene
oxide loaded with SNX2112 (HSP90 inhibitor) and folic acid for ultrafast low-temperature
PTT (LTPTT, 38–43 ◦C). Overactivated autophagy induced by ultrafast LTPTT led to the
direct apoptosis of tumors and enabled the functional recovery of T cells to promote natural
immunity for actively participating in the attack against tumors [12]. In other words, LTPTT
is a relatively rapid antitumor method closely related to autophagy. Moreover, PTT has
been combined with autophagy-regulating (overactivation or inhibition) drugs to achieve
efficient tumor elimination [145,146].

Another approach to improve the therapeutic efficacy of PTT is to combine mild PTT
with other treatment modalities (synergistic effect) [147]. Co-administration of mild PTT
and chemical drugs such as nitric oxide (NO) can significantly increase the antitumoral
effect [148]. NO can inhibit the subcellular degraded processes, including autophagy, to
accelerate cellular apoptosis [149]. Additionally, a relatively high NO concentration can di-
rectly cause cell death [150]. Zhang et al. reported nanocomposites based on bismuth sulfide
(Bi2S3) nanoparticles and a hydrophobic NO donor (BNN), which was loaded on the surface
of Bi2S3 nanoparticles to use the synergistic effect of both treatments (Figure 5) [151]. Con-
sequently, the NIR laser triggered NO release from nanocomposites for sensitizing cancer
cells towards photothermal therapy. Mild PTT enhances drug diffusion and accumulation
in the tumor region, and the chemo-drugs compensate for inadequate heat damage [152].

Figure 5. Autophagy is a prosurvival pathway in mild PTT, which can demolish the damaged
mitochondria, reduce the release of cytochrome c, and inhibit the activity of caspase-3. NO downreg-
ulates the autophagy level to decrease its effects and triggers cellular apoptosis. Reproduced with
permission from [151].

As mentioned before, the accumulation of photothermal NPs in the tumor cells is
one of the most critical factors in increasing the PTT light-to-heat conversion efficiency.
To this end, some novel approaches have been developed to increase NP delivery to the
desired locations. Wei et al. introduced a dissolving microneedle (MN) system loaded with
AIEgen (NIR950) for topical administration to treat malignant skin tumor melanoma in
PTT [153]. In this study, NIR950-loaded polymeric micelles (NIR950@PMs) were prepared,
and then micelles were concentrated on needle tips of MN (NIR950@PMs@MN). Their
results showed that MN, NIR950@PMs could rapidly accumulate at the tumor site and
reach an appropriate temperature for demolishing the cancer cells using only one-time
laser irradiation (Figure 6).
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Figure 6. (A) Schematic illustration of the synthesis process of NIR950@PMs and NIR950@PMs@MN.
(B) Schematic illustration of NIR950@PMs@MN application method in the photothermal treatment of
tumor-bearing mice. Reproduced with permission from [153].

The microneedle system has some advantages, such as improving the accumulation of
photothermal NPs at the tumor site to reduce drug loss and systemic side effects, achieving
the three-dimensional drug distribution due to the well-designed MN array structure, and
increasing patients’ comfort. Microneedles can also relieve the pain and fear caused by
traditional injection in the patient. Moreover, MNs can avoid unnecessary pain as their
length does not reach the deep dermis layer in which sensory nerve endings are located,
yielding less invasive and painless drug delivery [154,155]. It is also noteworthy that
the best advantage of MN convenient application is encouraging as they might not need
professional management training [156]. MNs are safer and more efficient than traditional
intravenous or intratumoral injections as a new drug delivery platform.

As forementioned, heating of the tumor might cause an adverse protective reaction
of the thermal regulation system with an increase in blood perfusion near the tumor and
release of HSPs, which play an essential role in the cellular thermoresistance [157]. One
solution would be using periodic heating with a single heating duration of around 10–15 s,
which decreases the blood flow variation [158]. Another solution would be using indirect
heating based on the laser irradiation of nearby tissues as an alternative to the direct
irradiation of superficial tumors [159].

In this regard, two different strategies have been proposed for indirect tumor irradi-
ation; first, the AuNPs are embedded in a spherical region around the tumor tissue and
then exposed to the laser. Accordingly, a hot spherical region will appear in the healthy
tissue, conducting heat from all sides into the tumor. This method is suitable in a tumor
with a volume smaller than the volume of the hot ring; also, delivering the AuNPs in the
spherical region and controlling their distribution might be complex. The second method
is laser irradiation in a circular region around the tumor without NP administration. In this
case, laser energy is scattered in all directions and absorbed mainly in the tumor because of
the higher absorption coefficient of the tumor tissue.

Consequently, the best approach for indirect tumor irradiation would be the combi-
nation of the above approaches and using a low volume fraction of AuNPs, mainly at the
tumor periphery, to increase the local absorption of laser radiation scattered by the neigh-
boring healthy tissues. The indirect strategies can also be combined with water cooling of
the irradiated surface where sensitive pain receptors are nearby the body surface. Indeed,
surface cooling will significantly reduce the pain associated with heating a thin superficial
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layer. Therefore, combining indirect heating of the tumor with surface cooling enables
enhanced irradiation doses without unspecific heating and treatment-associated pain [159].

The sensitivity of cancer cells to heat can be increased by suppressing the synthesis
of HSPs in these cells to achieve a highly efficient photothermal treatment at lower tem-
peratures. In other words, mild-temperature (≤45 ◦C) treatment can cause apoptosis in
cancer cells if the expression of HSPs is inhibited [160]. In this regard, the HSPs’ cellular
synthesis can be inhibited by using specific mesoporous nanoparticles loaded with HSP
inhibitors drugs. Sun et al. formulated hollow mesoporous carbon spheres (HMCS) loaded
with gambogic acid (GA) for mild photothermal therapy [37]. GA can specifically target
and reduce the HSPs in the cytoplasm and then assist in the thermal sensitivity of cells,
consequently causing enhanced cell apoptosis at mild temperatures (42–45 ◦C).

Loss of thermo-feedback in PTT with photothermal agents themselves can cause
additional adverse effects, such as skin burn, inflammation, and pain in patients. To
overcome this issue, a real-time and robust temperature adjustment in the treatment region
seems to be necessary [161,162]. Tang et al. designed a thermochromism temperature
self-regulation nano-assembly based on iodine (I2)-loaded acetylated amylose nano-helix
clusters (ILAA NHCs) [57]. When the temperature increased above a critical value during
laser irradiation, the helices unfolded, and the I2 was gradually released from the ILAA
NHCs. At this moment, the ILAA NHCs turned from deep blue to colorless due to I2 release
and lost their photothermal conversion ability, making the laser penetrate deep into the
tissue. Subsequently, the ILAA NHCs’ color recovered by reversible thermochromism due
to I2 reloading into the ILAA NHCs after decreasing the temperature below the critical
value via heat dissipation (Figure 7).

Figure 7. Photothermal strategy based on ILAA NHCs. (A) Alternating photothermal cycle
based on reversible thermochromic ILAA NHCs for temperature self-regulation. (B) The reversible
thermochromism-induced enhanced efficient photothermal depth. Optimal ILAA NHCs demon-
strate reversible thermochromism in which the color disappears and repeatedly recovers at the
proper temperature concerning the I2 release and reload on the nanoparticles. Adapted with permis-
sion from [57].

Their results showed that I2 efficiently worked as a chemotherapeutic drug and the
irradiated region had a lower surface temperature using this versatile nanosystem. In
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other words, the periodic and repeatable photothermal state effectively decreased the risks
associated with continuous heating and managed the local temperature in an acceptable
range, inhibiting undesired burns and pain.

Another strategy is to give the treatment in low-dose fractions instead of a single
dose, thereby killing cancer cells that survived during the first treatment in following
treatments and avoiding surface overheating [163–165]. Simón et al. applied a fractionated
PTT, using silica–gold nanoshells (NS), instead of one-dose therapy to increase the efficacy
of photothermal treatment of subcutaneous colon carcinoma tumors in mice [166]. They
evaluated and compared the treatment effect of two different fractionated PTT protocols,
using either two or four repeated treatment sessions (Figure 8).

Figure 8. (A) The experimental timeline consists of two groups receiving either NS or saline, which
were laser-treated four times every other day. (B) Temperature increase during all four laser treatments
in treatment and the control groups. * p < 0.05, *** p < 0.001, and **** p < 0.0001. Adapted with
permission from [166].

The mice were kept anesthetized with sevoflurane during the NS injection. The fol-
lowing day, mice were exposed to an NIR laser beam (807 nm, 1.2 W/cm2). During the
5 min irradiation, the temperature on the tumor surface was recorded using a real-time
FLIR T-440 camera. Their results revealed no significant difference in outcome between
groups receiving fractionated PTT compared to a single-dose treatment, despite achieving
temperatures above the limit for irreversible damage induction during laser irradiation.
Moreover, the survival rate of several mice in fractionated PTT increased compared to
single-dose and control animals. The animals were provided pain relief with temgesic
(0.3 mg/mL) every 6–8 h for 24 h, starting immediately before the treatment to avoid
unnecessary distress and pain.

The intratumoral NP distribution is one of the most crucial parameters in PTT, which
can affect the treatment efficiency and outcomes. This parameter is more critical in as-
sociation with the large tumors that are common in the clinic. Large tumors generally
contain hypoxic regions with reduced blood perfusion, and this, as well as high interstitial
pressure, prevents nanoparticle delivery to these regions. The uneven NP distribution
and the limited laser penetration depth lead to inhomogeneous intratumoral heat distri-
bution during PTT, which decreases the treatment efficiency and makes it challenging to
destroy all cancer cells simultaneously [167]. Several approaches for fixing this problem
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include combining therapies (PTT and immunotherapy), using fractionated PTT explained
previously, and fabricating novel nanostructures that improve intratumoral nanoparticle
distribution [168–171].

Mooney et al. demonstrated that neural stem cells (NSCs) loaded with gold nanorods
(AuNRs) can be used to improve the intratumoral distribution of AuNRs and thereby
increase the efficacy of PTT (Figure 9). In this research, intratumoral injections of AuNR-
loaded NSCs were more effective than free AuNR injection regarding reduced recurrence
rates of breast cancer xenografts following PTT [172].

Figure 9. Comparison of free AuNRs’ and NSC-AuNRs’ distribution after intratumoral injection
showed that NSCs caused a uniform distribution of AuNRs in the tumor. Three days after AuNR
injection, tumors were sectioned and imaged using dark-field microscopy. (A,B) Mapped cross-
sections of tumors injected with free AuNRs (C) or NSC-AuNRs (D). (C,D) 3D projection of all
mapped AuNRs (red) and tumor (blue) traces generated using reconstruction software in tumors that
received free AuNRs (C) or NSC-AuNRs (D) (Scale bar = 1 mm). Adapted with permission from [172].

Three days after intratumoral injection of NSC-AuNRs, mice were anesthetized and
exposed to NIR laser (811 nm, 2 W/cm2) for 5 min. The results showed that the distribution
of AuNRs throughout the tumors was improved when transported by NSCs. Buprenex
(medication for moderate-to-severe pain relief) was subcutaneously injected into mice once
recovered from the anesthesia after laser exposure.

The pain associated with the PTT procedure might be reduced by an appropriate
choice of irradiation parameters such as laser intensity, power, exposure duration, and
pattern. In this regard, one preliminary strategy to control tissue overheating is stepwise
decreasing the laser power during the treatment or decreasing the laser power along with
prolonging the treatment time [117,166]. If high laser powers are used, interstitial laser
phototherapy has a high risk of death from extensive tissue carbonization. However, if
low powers (in the order of 3 W) are used, a few side effects, such as mild abdominal pain
that can radiate to the shoulder or back, can appear [117]. Using painkiller medications as
well as nerve blocks during/after treatment seems to be necessary. Besides overheating
and catheter insertion, the temperature of the AuNP solution should be checked before
injection since cold nanoparticle solutions can cause pain in some patients.

5. Temperature Monitoring during PTT

To control the temperature increase inside the tumor and inhibit the tissue damage due
to the overheating, which causes pain during and after treatment, real-time temperature
monitoring is necessary for PTT. Besides this, real-time temperature measurement enables
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the clinician to interrupt the laser exposure in an unpleasant incident such as intolerable
pain or burning during the treatment. Using invasive methods for temperature probing
during PTT, such as tissue-inserted fiber optics, can be painful by itself and make the patient
anxious, hence increasing the pain sensation. The inability to directly monitor the local
temperature deep within the tissues is one of the main concerns that face clinical PTT [173].

Different temperature measurement methods have been introduced for hyperther-
mia treatment, including interstitial and intra-luminal thermometry, infrared probing,
microwave-based temperature sensing, and magnetic resonance imaging thermometry
(MRT) [29,174–177]. The interstitial and intra-luminal thermometers are inserted in the crit-
ical tissues and body cavities, respectively [178]. Despite high accuracy and temporal and
spatial resolution, the number of temperature probes and reachable locations are limited.
Consequently, invasive thermometry provides only local temperature information, not
representing the overall temperature distribution [29,179,180].

Furthermore, infrared probes only measure the surface temperature, which is different
from the temperature in the tumor and adjacent tissues [174]. Microwave-based temper-
ature sensing penetrates deep inside the body but has a limited spatial resolution due
to the long-wavelength radiation used and does not provide high selectivity to chemical
subcomponents [175]. MRT relies on temperature-dependent proton resonance frequency
shift, which is not always applicable. Other temperature-dependent properties that can
be probed using MRI, such as T1 (spin-lattice) and T2 (spin-spin) relaxation time of water
protons, are highly complex to calibrate accurately and often costly for many practical
applications [181]. Given the importance of monitoring the temperature deep inside the
tissue/tumor for reaching an optimum regime (high efficacy/low pain) and associated
difficulties in doing so deep inside tissue, developing a non-invasive method for deep
temperature monitoring during PTT seems crucial.

Since the optical properties of tissues, such as absorption and scattering, can be affected
by their temperature, one can measure the tissue temperature by measuring the change
in these properties [182–185]. In this regard, Raman spectroscopy presents the advantage
of enabling temperature measurements with high chemical specificity; however, in its
basic form, it is limited to near surfaces within diffusely scattering samples. The principle
relies on measuring both the Stokes and anti-Stokes components of the Raman spectrum,
and then the local temperature is derived from the ratio of the Stokes and anti-Stokes
intensities [186]. The intensity ratio can be approximated by:

Ianti−Stokes/IStokes = exp
(
− E

kT

)
(3)

where E is the first vibrational state energy (J), k is the Boltzmann constant (1.38 × 10−23 J K−1),
and T is the temperature (K).

To overcome the Raman spectroscopy limitations, spatially offset Raman spec-
troscopy (SORS) has been introduced with deep penetration inside the turbid media and
tissues [187–189]. The concept of SORS is that Raman signals collected at a distance ∆s
on the sample surface from the laser illumination contain larger contributions from the
materials buried beneath the surface of the tissue than those collected from the illumination
zone [190,191]. Measurement of the Stokes and anti-Stokes parts of the scattering spectrum
using SORS leads to a unique method called “Temperature SORS (T-SORS)” (Figure 10).

Gardner et al. made the first demonstration of T-SORS by measuring the tempera-
ture of a 3 mm subsurface poly(tetrafluoroethylene) (PTFE) through a 3 mm top layer of
poly(oxymethylene) (POM) at near ambient temperature (∼22 ◦C) [190]. The results showed
the possibility of predicting the buried PTFE layer temperature using anti-Stokes/Stokes of
PTFE heating (24 to 45 ◦C).
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Figure 10. (A) Concept of T-SORS showing a cold surface and warm interior; as the spatial offset
between the illumination point and collection point increases, there is a relative increase in the
anti-Stokes contribution in the spectra originating from the warmer sublayer. (B) Schematic diagram
of T-SESORS thermometry. The SORS and TRS geometries permit subsurface sample temperature
monitoring mediated by SERS nanoparticles embedded in a turbid medium. The temperature of
nanoparticles can also be elevated above background levels and monitored using laser radiation.
Adapted with permission from [190,191].

Using plasmonic nanoparticles labeled with a Raman reporter enables photothermal
ablation and real-time non-invasive temperature monitoring via T-SORS simultaneously.
Raman reporter labels adsorbed onto the surface of the noble metal plasmonic nanoparticles
cause reporter molecules to have significantly enhanced Raman signals, called surface-
enhanced Raman spectroscopy (SERS), enabling their readout from deeper layers of tis-
sue, [192]. In other studies, Gardner et al. demonstrated the simultaneous heating and
real-time non-invasive temperature monitoring of subsurface-embedded nanoparticles
within turbid materials [191] and biological tissues (T-SESORS) [173]. The latter study even
used two different nanoparticles, one for reporting temperature and one for heating (100 nm
Au nanospheres and Au nanoshells, respectively), introducing higher laser absorption and
increased anti-Stokes/Stokes ratios.

As mentioned earlier, the T-SESORS approach relies on changing both the anti-Stokes
and Stokes signals of molecules attached or adjacent to SERS nanoparticles at different
temperatures (Figure 11).

Overall, T-SESORS can monitor the temperature at depth non-invasively and control
the photothermal dose to the treatment zone. Moreover, this temperature monitoring
can be achieved in real time to ensure minimum damage to surrounding tissues during
photothermal treatment, potentially resulting in more effective pain management.
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Figure 11. Model of heating AuNPs (25–42 ◦C) buried in 10 mm porcine tissue. (A) The aver-
age anti-Stokes/Stokes band of the thiol-based Raman reporter (~1080 cm−1) at each temperature
point. (B) Predicted temperatures vs. the measured temperature of the AuNPs. Adapted with permis-
sion from [192].

Another method combining heating and temperature monitoring using nanoparti-
cles is using materials capable of heating and emitting a temperature-dependent signal.
Quintanilla et al. developed a nanoprobe that allows controlled local heating combined
with in situ nanothermometry [193]. This nanoprobe constituted PEGylated gold nanostars
(83 ± 7 nm) as photothermal agents along with silica-coated CaF2:Nd3+, Y3+ nanoparticles
(11 ± 3 nm) as luminescent nanothermometers mounted on polystyrene beads (500 nm).
Gold and CaF2:Nd3+, Y3+ nanoparticles could be simultaneously excited at 808 nm in the
first biological window, while the nanothermometer emission was located in the second
biological window (1050 nm). In this regard, the luminescence signal from the nanother-
mometers allowed the tracking and localization of the gold nanostars inside the biological
tissue. Hybrid probes were internalized in 3D tumor spheroids to induce cell death via
photothermal effects, while simultaneously measuring the local temperature (thermal
resolution ~4 ◦C) in situ (Figure 12).
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Figure 12. Heating and emitting properties of hybrid beads containing gold nanostars and CaF2:Nd3+,
Y3+ nanoparticles. (A) Experimental set-up used to illuminate the samples and record their lumines-
cence while monitoring the temperature of the solution with a thermal camera. (B) Thermal camera
images upon illumination of 1 mL of bead solution with three different powers. (C) TEM images of
hybrid nanoprobe including bead, gold nanostars, and CaF2:Nd3+, Y3+ nanoparticles. (D) Tempera-
ture curve of the dispersion of beads over time, illuminated at 2400 mW, measured using a thermal
camera (grey squares) and nanothermometry (blue dots). Adapted with permission from [193].
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In CaF2:Nd3+, Y3+ particles, Nd3+ is the active ion absorbing light at 808 nm and
featuring a strong emission band at 1050 nm, while Y3+ is added to break energy migration
paths between Nd3+ ions, which would otherwise quench the emission intensity [194].
Moreover, lanthanide ions as dopants present characteristic narrow emission bands, which
easily differentiate from any other signal from organic molecules in the biological tissues.
The lanthanide emission also features a significant Stokes shift, consequently minimizing
the absorption of light emitted by nearby gold nanostars. Thermal calibration can be
performed by measuring the emission from a colloidal dispersion of the nanoprobes at
different temperatures.

The temperature can be measured non-invasively and in real time (time resolution
~30 s) using this method, and by increasing the number of nanothermometers per gold
nanostar, the luminescence intensity and time resolution will be improved. In this regard,
since gold nanostars have to be slightly (>5 nm) separated from the luminescent nanopar-
ticles to avoid luminescence quenching, there is a limitation in the maximum number of
nanothermometers on each polystyrene bead. On the other hand, some other optimizations
are needed in this approach, such as reducing the bead size and boosting the heating
efficiency of the hybrid nanostructure.

6. Conclusions

Since photothermal therapy has proven to be a promising approach for cancer treat-
ment and has shown good results, controlling patients’ pain during treatment is crucial
for its effective uptake in clinics. In this review, we discussed different strategies that have
been used in the literature to control and manage patient’s pain.

The strategies mentioned in the literature to alleviate the pain mainly for laser inter-
stitial hyperthermia treatment (without nanoparticles) depend on the tumor location and
treatment procedure. In hepatic cancer, the pain is mainly in the epigastric region, which
can be due to invasive laser and thermocouple fiber insertion; in breast cancer, the pain can
be due to overheating the tumor location or skin burning. In these situations, the skin heat
can be removed by coolant air or water spray.

Moreover, any parameter that increases the efficiency of the photothermal treatment
can be optimized to manage the patient’s pain. To achieve successful pain management
during PTT, we have to consider optimizing as many parameters as possible, including
achieving efficient and painless nanoparticle delivery, choosing appropriate laser exposure
parameters, and using physical strategies for body cooling during treatment. In this re-
gard, one of the most significant challenges in translating photothermal ablation into the
clinic is optimizing the nanoparticles’ delivery. Using an optimal delivery system, patients
encounter less pain during treatment, increasing the PTT efficiency. Homogenous distri-
bution of nanoparticles in the tumor guarantees uniform heat in the tissue and enhanced
therapeutic outcomes. Moreover, optimizing the involved parameters in the laser–heat
conversion efficiency of nanoparticles can achieve higher treatment efficiency and fewer
patient complications during and after the PTT procedure.

A set of predetermined and rigid rules cannot be issued and applied for all patients
to manage the pain in the clinic, since the pain threshold and tolerance level depend
on individual physiological and psychological conditions. Accordingly, each patient’s
physiological and psychological states must be considered before starting the treatment
course (individualized pain management). Besides this, explaining the treatment procedure
for the patients can make them familiar with what they need to go through and decreases
their anxiety, which can turn into pseudo-pain during treatment.

The perception of pain by different patients, or by one patient at different times or at
different anatomical locations, depends on several parameters, including their state of mind,
previous experiences, and fear and anxiety during PTT. Consequently, any measurement of
pain must be taken with caution. In this regard, developing a robust and precise method
to measure patients’ pain during the whole treatment course seems necessary. Moreover,
monitoring the real-time temperature in PTT is a key parameter inhibiting unwanted
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tissue damage and consequent pain. To this end, the T-SESORS and nanothermometry are
promising approaches, and can pave the way to clinical nanoparticle-based photothermal
treatment.

All in all, better knowledge of the relations between pain, treatment parameters, and
clinical outcomes would help physicians to determine the optimal parameters for use in
each treatment. As a result, this individualization should enhance the treatment success
rate and patients’ comfort. Moreover, a better understanding of the physiological processes
involved in pain induced by PTT would help to develop new pain reduction strategies.
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