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HIGHLIGHTS

• The present review highlights the importance of remotely activated nanoparticles for anticancer purposes.

• For each physical input, we present its possible active synergy with several nanomaterials.

• We report examples and the mechanism of action when clarified.

• Clinical trials involving remotely triggered nanoparticles are discussed.

ABSTRACT Cancer has nowadays become one of the lead-
ing causes of death worldwide. Conventional anticancer 
approaches are associated with different limitations. There-
fore, innovative methodologies are being investigated, and 
several researchers propose the use of remotely activated 
nanoparticles to trigger cancer cell death. The idea is to conju-
gate two different components, i.e., an external physical input 
and nanoparticles. Both are given in a harmless dose that once 
combined together act synergistically to therapeutically treat 
the cell or tissue of interest, thus also limiting the negative 
outcomes for the surrounding tissues. Tuning both the proper-
ties of the nanomaterial and the involved triggering stimulus, 
it is possible furthermore to achieve not only a therapeutic effect, but also a powerful platform for imaging at the same time, obtaining a 
nano-theranostic application. In the present review, we highlight the role of nanoparticles as therapeutic or theranostic tools, thus exclud-
ing the cases where a molecular drug is activated. We thus present many examples where the highly cytotoxic power only derives from 
the active interaction between different physical inputs and nanoparticles. We perform a special focus on mechanical waves responding 
nanoparticles, in which remotely activated nanoparticles directly become therapeutic agents without the need of the administration of 
chemotherapeutics or sonosensitizing drugs. 

KEYWORDS Anticancer therapy; Remotely activated nanomedicine; Stimuli-responsive nanoparticles; Physical stimulation; 
Radiofrequency; Nanoparticle-assisted ultrasound; Hyperthermia
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Abbreviations
CTAB  Cetyltrimethylammonium bromide
DOPC  1,2-Dioleoyl-sn-glycero-3-phosphocholine
EGFR  Epidermal growth factor receptor
EMA  European Medicines Agency
EPR  Enhanced permeability and retention effect
FDA  Food and Drug Administration
HSA  Human serum albumin
MF  Magnetic field
MFH  Magnetic fluid hyperthermia
MHT  Magnetic hyperthermia therapy
MRI  Magnetic resonance imaging
MW  Microwave
NaRFA  Nano-radio-frequency ablation
NIR  Near-infrared region
NMH  Nanomagnetic hyperthermia
NPs  Nanoparticles
PDT  Photodynamic therapy
PEG  Polyethylene glycol
PSi NWs  Porous silicon nanowires
PTT  Photothermal therapy
RF  Radiofrequency
ROS  Reactive oxygen species
SAR  Specific absorption rate
SDT  Sonodynamic therapy
SPR  Surface plasmon resonance
TA  Thermoacoustic
ZnO NCs  Zinc oxide nanocrystals
ZnO NPs  Zinc oxide nanoparticles

1 Introduction

Cancer has nowadays become the second cause of death 
worldwide after cardiovascular diseases. Only in 2018 
indeed, according to the statistics from the World Health 
Organization, 18.1 million new cancer cases and 9.6 million 
cancer-related deaths have been recorded [1]. Cancer cells 
are characterized by an uncontrolled growth and can invade 
other tissues even escaping the control of the immune sys-
tem [2, 3]. Thus, the development of efficient techniques for 
the diagnosis and the early-stage treatment of this disease 
is essential, particularly in view of the continuous annual 
growth of new cancer cases in the coming years.

In the last years, the recently developed nanomedicine 
field has started to propose different solutions. Actually, 
nanomedicine is the application of nanomaterials, i.e., par-
ticles with a size range of 1–100 nm, for diagnosis, monitor-
ing, prevention and treatment of diseases [4]. Additionally, 

the concept of “theranostic”, nanomaterials with both diag-
nostic and therapeutic properties, is emerging [5, 6]. Nano-
particles (NPs) have been widely employed in anticancer 
therapy, in particular for the delivery of cargo molecules, 
i.e., imaging agents, genes or chemotherapy drugs [5, 7–9], 
or alone, exploiting their intrinsic toxicity, e.g., related to 
the release of toxic species [10, 11]. NPs moreover could be 
decorated with chemical or biological coatings to improve 
their stealth properties and reduce their aggregation in bio-
logical fluids. In addition, they could be conjugated with 
targeting ligands to maximize their delivery to the desired 
target cells [12]. NPs could spontaneously accumulate into 
cancers thanks to the enhanced permeability and retention 
effect (EPR), because they can easily cross the tumor vascu-
lature, characterized by the presence of large pores (< 2 μm) 
and the poor lymphatic drainage allows their retention, thus 
facilitating their therapeutic effect even in the absence of 
targeting ligands on their surface [13]. However, it was high-
lighted that a careful attention about NPs chemical, physi-
cal, and biological behavior has to be paid, as NPs could be 
responsible of numerous side effects. Therefore, also the sole 
NPs could be associated with negative outcomes as conven-
tional cancer treatments [14, 15].

In the last years, several researchers have proposed a new 
anticancer therapeutic approach based on the conjugation of 
two different components, i.e., an external physical stimu-
lation and a NP, which can be remotely activated by the 
stimulation. Both the stimulation and the NP themselves are 
administered individually at a harmless dose, however when 
administered simultaneously, their synergy results in the 
cancer cell death, also limiting the negative outcomes for the 
surrounding tissues [16–19]. Several physical stimulations 
have been employed so far for this purpose, such as radia-
tions [17], radiofrequencies [20], microwaves [21], light 
[22], and mechanical waves [16]. Some of them otherwise 
are already used alone for anticancer therapy, e.g., radiation 
therapy. However, their action is often not focused on the 
tumor area and therefore also the surrounding healthy tissues 
could be seriously damaged [23, 24]. The mechanisms of 
action of the proposed synergy between the physical input 
and the nanoparticles have only sometimes been explained, 
while in other cases it is under debate or unclear. In general, 
the NP addition could amplify the effects of the physical 
stimulation, thus lowering the dose needed to obtain cell 
death by helping to focus its effects on the target site [17], 
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or by absorbing the stimulus and releasing another form of 
energy to the surrounding medium [19, 23]. In other cases 
otherwise, the physical stimulation could trigger or improve 
the intrinsic cytotoxicity of the NPs [25].

Some significant reviews about externally triggered nano-
medicines have already been published [26–29]. However, 
differently for these previous works, in the present review 
we focus on the active synergy between stimulations and 
NPs to achieve cancer cell death without the need for other 
adjuvants, e.g., drugs and sensitizers. Therefore, we high-
light in this review only the effects produced by the active 
interaction between the stimulus and NPs that triggers the 
cytotoxicity in cancer cells. In particular, we exclude cases 
where the therapeutic action is not related to the activation 
of the NPs, whose role is often only to deliver the trigger-
able agent, i.e., drugs or other molecules, or for imaging 
purposes. We present several possible physical inputs as 
illustrated in Fig. 1, i.e., radiation, radiofrequency (RF), 
microwave (MW), light in photothermal therapy (PTT), 
and photodynamic therapy (PDT). We particularly focus on 

the most recent advancements related to mechanical waves, 
i.e., ultrasound (US) and shock waves (SW). Actually, the 
mechanical stimulation was often neglected in combina-
tion with the sole NPs without the addition of conventional 
sonosensitizers, while here it is the highlight of the present 
review. Additionally, the possibility to combine different and 
various physical stimulations to achieve an enhanced thera-
peutic effect is described. For each stimulus, its possible 
synergy with different types of nanomaterials is reported, 
proposing examples on the most recent results, discussing 
the possible mechanisms of action and finally providing a 
list of the clinical trials involving remotely activated NPs.

2  NP‑Assisted Radiation Therapy

Radiation therapy, or radiotherapy, represents one of the 
conventional anticancer approaches [17], and it is employed 
to treat more than 50% of the whole cancer cases. It is based 
on the application of ionizing radiations, as gamma and 
X-rays, precisely focused on the tumor area. It is able to 
achieve cancer cell death by directly inducing DNA damages 
and through the production of reactive oxygen species (ROS) 
resulting from the oxidation of water and oxygen molecules 
[24]. ROS moreover displays a multifaceted role, because 
they are involved in several physiological processes and their 
level is kept under strict control. However, an excessive ROS 
production is cause of oxidative stress, affecting cellular 
components such as membranes and DNA, and altering cell 
signaling causing necrosis or apoptosis [30, 31]. Neverthe-
less, radiation therapy is associated with several drawbacks, 
such as the injury of the tissues in close proximity to the 
tumor and the development of resistances. Additionally, the 
treatment of hypoxic microenvironments, as several solid 
tumors, is challenging, because an increased radiation dose 
is necessary in this case to achieve cancer cell death and it 
could trigger severe outcomes for healthy tissues [24]. For 
these reasons, several researchers proposed strategies to both 
improve the toxic effects of radiation and reduce the side 
effects, as summarized in Fig. 2. The use of NP-assisted 
radiation therapy is a promising anticancer approach, and 
different materials were proposed for this purpose [24, 32].

A first possibility is to associate the radiation exposure 
with NPs able to enhance the radiation toxicity. High Z 
atomic number materials, as metal NPs, absorb and scat-
ter indeed the radiation, generating also photoelectrons, 
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Fig. 1  Overview of remotely activated NPs presented in this review. 
Radiation therapy, radiofrequency (RF), microwave (MW), light 
as photothermal therapy (PTT) and photodynamic therapy (PDT), 
mechanical waves as ultrasound (US) and shock waves (SW) respond-
ing NPs are presented, as well as NPs responsive to multiple simulta-
neous stimulations
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Compton electrons, Auger electrons, and fluorescence 
photons. They have the advantages to reduce the damages 
to the neighbor tissues and enhance the radiation-asso-
ciated injuries [17]. Gold, silver [17], gadolinium [33], 
bismuth [34], and platinum NPs [35] have been employed 
alone, or combined with chemotherapeutic drugs [17] or 
radionuclides and other radiosensitizers [36] to improve 
the radiation-mediated cellular damages. Otherwise, the 
addition of these elements to other nanomaterials, such 
as titanium dioxide (titania), confers them the capabil-
ity to become responsive also to the radiation therapy 
enlarging their possible application as radiation-respon-
sive NPs [17]. An example is represented by the X-ray 
photodynamic therapy explained below. The principal 
achievements regarding the use of these materials have 
been accurately summarized in several reviews [17, 35, 
37, 38]. Hafnium oxide NPs in particular have already 
been approved for the European market and are involved in 
several clinical trials [24]. These NPs have demonstrated 
good radiation-enhancing properties not associated with 
injuries to the surrounding healthy tissue. Additionally, 
they have the remarkable property to amplify the radiation 
effects in a versatile way, leading to the potential use of 
these NPs for the treatment of various cancers. Actually, 
several other clinical trials on head and neck squamous 
cell carcinoma, liver cancer, prostate cancer, rectal cancer, 
and others are evaluating the efficacy of hafnium oxide 
NPs-assisted radiation therapy [39].

Also superparamagnetic iron oxide NPs have been pro-
posed to improve the radiation-associated injuries [24]. 
Hauser tested iron oxide NPs on A549 lung cells carci-
noma. Such NPs could react with hydrogen peroxide, 

generated as a consequence of the irradiation, releasing 
hydroxyl radical, improving the oxidative stress [40].

Also several non-metals have been employed to improve 
radiation therapy efficacy [17, 35, 38]. Selenium NPs 
were employed to enhance the radiation toxic effects on 
breast cancer cells by Chen et al. They observed that the 
combination of selenium NPs and the radiation therapy 
resulted in a decreased cell viability, a G2/M phase arrest 
and, in particular, an improvement in the ROS level with 
autophagy induction. These results were related to sele-
nium ions release upon the radiation treatment and the 
subsequent enhanced ROS production [41].

NPs toxic features could also be exploited to sensitize 
cancer cells to radiation therapy. In this case, it is of a para-
mount importance that NPs satisfy this task without damag-
ing the healthy cells. Zinc oxide NPs have demonstrated to 
be an optimal candidate for this purpose, because they are 
able to cause a tumor-selective cell death [10]. An example 
is the study of Meyer et al., where authors evaluated the 
cytotoxicity of zinc oxide NPs W/O irradiation on cancer 
cells and primary fibroblasts, highlighting the radiosensitiz-
ing properties of NPs only in cancer cells, perhaps related 
to the increased oxidative stress and cell cycle arrest caused 
by the addition of the NPs. However, the exact mechanism 
of action has still to be elucidated [42].

NPs could also be employed to deliver drugs able to 
protect the healthy tissues from the radiation toxic effects, 
limiting thus their negative outcomes, e.g., antioxidants 
that reduce the ROS damages [17], or to directly protect 
healthy cells thanks to their radioprotective intrinsic prop-
erties [24, 43, 44]. In this last case, cerium oxide NPs have 
demonstrated to both improve the radiation sensitivity and 
to possess radioprotective properties. Indeed, they have an 
antioxidant role in healthy cells, in which they act as ROS 
scavengers reducing DNA injuries, while in the acid tumor 
microenvironment they change behavior and contribute to 
decrease cell viability in combination with radiation therapy 
[45].

Another option is to target the radiation resistances of 
cancer cells, perturbing the relevant pathways with drugs 
delivered by NPs or using NPs that are able to affect these 
mechanisms [17]. Some groups suggest the use of nanoma-
terials able to alter the features of the tumor microenviron-
ment that protect cancer cells from radiations, e.g., hypoxia. 
In this context, Abbasi’s group proposed the use of hybrid 
manganese dioxide NPs as radiosensitizers. They exploited 
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NPs assisted
radiation
therapy

Fig. 2  Schematic view on how the NPs can improve the efficacy of 
the radiation therapy in cancer cells
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in particular the reaction of NPs with the tumor metabolite 
 H2O2 that results in oxygen generation. The reduced hypoxia 
was associated with a decrease in the radiation resistances 
and thus an improved antitumor effect [46].

Anyway, the use of conventional radiation therapy 
remains challenging for the treatments of pediatric cancers 
or tumors located near sensitive organs. Therefore, charged 
particle beams have been recently proposed as an alternative 
[47]. This approach is associated with reduced side effects 
for the neighbor healthy tissues, because energy is released 
only in the final track of the ion beam, and toxic effects 
could thus be limited to the region of interest tuning the 
initial energy of the beam. In addition, the administration 
of ion beams is associated to a more marked cytotoxicity, 
because of their increased ionizing properties. However, side 
effects in the regions in close proximity to the tumors could 
take place [47, 48]. Also in this case, several NPs have been 
proposed to maximize the injuries for cancer cells reducing 
the side effects for healthy tissues [48].

Since the clinical protocols are evolving [49] and new radi-
ation sources are being born [47, 50], in the future innovative 
applications of the above-mentioned nanomaterials are going 
to be carried out. Similarly, the proposal of new NPs that work 
in synergy with the radiation therapy would certainly con-
tribute to maximize the efficacy of this therapeutic approach.

3  Radiofrequency Responding NPs

In general, the thermal treatment named hyperthermia is 
an historical valid option to achieve the killing of tumor 
cells [23]. Actually, when the temperature reaches values 
between 40 and 47 °C, several proteins can denature and 
form aggregates, impairing different pathways, such as the 
DNA repair and cell cycle progression (Fig. 3). These effects 
induce the cells to apoptosis. Instead, necrosis occurs when 
the temperature is over 50 °C [51, 52]. Cancer cells are more 
susceptible to the temperature rise because of their impaired 
vasculature that reduces their ability to face a change in the 
homeostasis conditions. In addition, elevated temperatures 
can also improve the perfusion of chemotherapies within 
tumor cells, enhancing the therapeutic outcomes [18].

There are several physical stimuli able alone to increase 
the temperature [52, 53]. However, hyperthermia is not tis-
sue specific and it could cause severe injuries [23]. Besides, 
tumor cells can develop thermoresistance if the thermal 
treatment is repeated several times, thus decreasing its effi-
cacy. For these reasons, hyperthermia is rarely involved in 
clinic alone, but it is proposed as coadjutant of other thera-
pies, or with the addition of NPs that could contribute to 
focalize the heating within the tumor and limit the side 
effects [18].
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Apoptosis (low heat dose)
Necrosis (high heat dose)

G1 cell cycle arrest
Mitotic catastrophe

Altered transport functions
Altered cell signaling mechanisms
Altered receptor functions

Increased metabolic rate
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reactive oxygen speciesProtein damage

Nuclear protein damage
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Fig. 3  Cell injuries induced by hyperthermia. Reprinted under a Creative Common Licence CC-BY 3.0. Copyright 2020 from Ref. [52]
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Radiofrequency (RF) thermal ablation represents one 
of the hyperthermia-assisted anticancer approaches. In 
this particular technique indeed, hyperthermia is achieved 
by the application of an electrode that generates electri-
cal currents into the tumor, improving the temperature 
through resistive heating [54]. The heat indeed is caused 
by the interactions between the electrons of the alternat-
ing current and the ions in the biological fluids  (Na+, K+, 
 Cl−) [55]. The stimulation is given through a needle that 
physically reaches the tumor and generates the high-fre-
quency alternated currents necessary to produce heat. As 
a consequence, the temperature raises to around 50 °C and 
causes cell coagulative necrosis [56]. Since the heating is 
influenced by thermal conductance of the tissue, when the 
area of interest is carbonized, the ionic vibrations are lim-
ited, and thus the temperature rise is reduced [56]. How-
ever, it has been pointed out that the effective area of ther-
mal ablation is very narrow, limiting the efficacy of this 
approach only for small tumors (< 3 cm diameter). Addi-
tionally, if the temperature reaches values over 100 °C, the 
consequent water evaporation and tissue dehydration cause 
a decrease in the electrical conductivity, reducing thus the 
thermal increase in the dehydrated areas [55].

The addition of several classes of NPs can contribute to 
maximize the therapeutic outcomes, supporting the tem-
perature increase and limiting the damages for the healthy 
tissues. The use of NPs can furthermore help to improve 
the temperature only in the area of interest, actually where 
the NPs are localized. In this case, the needle insertion is 
not required, because only the tumor area is selectively 
heated by the specific response of the NPs, internalized 
into the cells or present in the tumor microenvironment. 
Several classes of magnetic and non-magnetic NPs have 
been employed in synergy to a RF application, exploit-
ing their ability to improve the temperature for antican-
cer purposes. Typically, the application of an external 
source generates RF waves with a frequency range of 
10 kHz–900 MHz. The mechanism under which this heat-
ing takes place is multifaceted and depends on both the RF 
source and the nanomaterials used. Actually, two types of 
sources are generally recognized: (1) inductively coupled 
device that produces an alternating magnetic field (MF) 
inside a solenoid and (2) capacitively coupled device that 
produces an alternating electric field between parallel-
plates [57]. Magnetic NPs, e.g., iron oxide NPs, could be 
stimulated by the MF, whereas non-magnetic ones, e.g., 

gold NPs, seem to be more responsive to electric fields 
[58]. For these reasons, magnetic and non-magnetic NP-
mediated RF-hyperthermia are sometimes identified as 
two different approaches, e.g., as proposed by Beik, nano-
magnetic hyperthermia (NMH) and nano-radio-frequency 
ablation (NaRFA) [59].

Here we distinguish between magnetic and non-magnetic 
NPs presenting a brief overview of both the mechanisms 
with some examples.

3.1  Magnetic NPs

The tumor heating with the combination of MF and mag-
netic NPs is emerging as promising anticancer approach, 
named sometimes magnetic fluid hyperthermia (MFH) 
[60], nanomagnetic hyperthermia (NMH) [59] or magnetic 
hyperthermia therapy (MHT) [61]. It was indeed observed 
that the synergy between these two components is able to 
heat the tumor more efficiently than other techniques [18]. 
The effectiveness of this approach is related to the specific 
absorption rate (SAR) value. This depends on the features 
of the MF applied, on the size and composition of the NPs 
and the properties of the solvent [60].

The temperature increase due to the synergy of magnetic 
NPs and MF is caused by different mechanisms, as depicted 
in Fig. 4. The first one, hysteresis loss, verifies when all the 
different magnetic moments possessed by the NPs continu-
ously align following the alternating MF applied and energy 
is released improving the temperature of the environment. 
Otherwise, when the size of the NPs is below 128 nm, a 
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Fig. 4  Magnetic NPs interaction with magnetic field (MF). NPs are 
displayed as orange circles with blue arrows indicating the magnetic 
domains. Dark red arrows represent magnetic moment direction 
movements (solid) or changes (dashed). Reprinted under a Creative 
Common Licence CC-BY 4.0. Copyright 2020 from Ref. [18]. (Color 
figure online) 
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single magnetic domain remains, giving them superpara-
magnetic properties, and in this case Néel or Brownian 
relaxations prevail. Néel relaxation refers to the fast realign-
ment of the magnetic moments under a MF that, contrasting 
with the NP crystalline structure, generates heat. Brownian 
relaxation instead verifies when NPs try to align with the 
MF and the friction caused by their movements improves 
the temperature of the medium [18].

In addition, magnetic NPs could be employed as contrast 
agent for computed tomography and magnetic resonance 
imaging, allowing thus both therapy and diagnosis [18, 62]. 
The outcome of the synergy of magnetic NPs and MF is 
influenced by the features of both [18]. It was demonstrated 
that NPs with different sizes could heat differently under 
a MF input [63], but other factors, as the morphology and 
anisotropy of the NPs and the presence of a coating agent, 
as well as the viscosity of the medium, influence the heating 
efficacy and thus have not to be underestimated [61].

Iron oxide NPs, classified as magnetite, maghemite 
or haematite according with their structure, are the most 
employed nanomaterial stimulated with MFs, especially 
magnetite and maghemite NPs [63]. Furthermore, iron oxide 
NPs could contribute to cell death not only improving the 
temperature in synergy with a MF, but also triggering some 
non-thermal effects. Hemery and co-workers compared the 
cytotoxic power of iron oxide NPs with a different morphol-
ogy, actually monocore NPs, thus nanospheres, versus mul-
ticore NPs, whit a nanoflower shape, discovering that mul-
ticore NPs caused an increased cell death in synergy with 
an alternating MF with respect to the monocore ones. This 
is explained by the higher SAR of the multicore NPs, and 
additionally showed a higher internalization into glioblas-
toma cells, causing thus a higher heat generation under a MF 
stimulation. Additionally, these NPs could cause mechani-
cal stress, i.e., membrane deformation, and release a high 
amount of  Fe2+ ions, that could cause in turn oxidative stress 
through Fenton reaction [64].

Cobalt and nickel also exhibit the same properties of 
iron oxide, but they are not essential elements for the body, 
and thus they accumulate and cause toxicity. Additionally, 
they are more susceptible to oxidation [65]. However, they 
were both proposed in combination with other materials 
for therapeutic application in synergy with MF [63], as 
iron oxide [65], or with semiconductors, as stannic oxide, 
titanium dioxide [66], and zinc oxide [67], but also other 

elements could be combined for the same purpose. Jadhav 
presented a remarkable study about the doping of man-
ganese zinc ferrite NPs with the rare-earth gadolinium. 
They indeed substituted gadolinium metal cations in spi-
nel ferrites, altering the magnetic and electric properties 
of the NPs. They evaluated the influence of the chemical 
properties of the doped NPs related to the gadolinium con-
centration, discovering that this influences the structural, 
colloidal and magnetic properties of the NPs. However, 
these NPs possessed improved magnetic properties and 
heating performances. The NPs resulted to be non-toxic 
for human lung carcinoma cells alone, but highly cyto-
toxic in synergy with the MF stimulation, electing such 
doped NPs as promising anticancer agent for magnetic 
hyperthermia [68].

An important problem related with the use of these 
nanomaterials is the possible magnetic interactions occur-
ring between the NPs that causes agglomerations, alters 
their responses to the MF, and limits their use for in vivo 
investigations. This evidence could be solved with the 
shielding of the NPs [65]. However, it was highlighted that 
the coating could alter the NP intrinsic magnetic proper-
ties, and thus it is of a paramount importance to prevent 
their loss to achieve successful results. The main purposes 
of these modifications are to increase the NPs biocompat-
ibility and colloidal stability, enhancing at the same time 
their properties, e.g., their efficiency of heating. Silica [12, 
69], gold [70], copper, palladium, and other metals have 
been extensively investigated as NPs inorganic shielding 
[65, 71]. The coating with gold is particularly attractive 
because the gold layer improves the chemical stability and 
biocompatibility of the magnetic NPs. It further allows to 
exploit the optical and radiosensitizing properties of gold 
to achieve tumor ablation with the combination of different 
external physical stimulations [62].

Also organic materials, such as citrate, dextran, sugars, 
and several polymers, as polyethylene glycol (PEG) [72], 
have been proposed for the same purpose [71]. Kandasamy 
et al. tested the influence of different coating molecules at 
different densities on the magnetization of iron oxide NPs, 
furthermore evaluating the synergy with a MF stimula-
tion on liver cancer cells. They highlighted that only some 
organic-coated NPs displayed high magnetization values 
and were characterized by different thermal responses 
under MF stimulation [73].
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Magnetic NPs in synergy with MF stimulations were 
also employed for the delivery of chemotherapeutic drugs 
to cancer cells, improving their therapeutic efficacy and 
reducing the side effects. This result could be obtained 
conjugating the NPs with the drug, and concentrating the 
NPs, and thus the drug, into tumor area through a remote 
magnetic control, as revised elsewhere [62, 74].

3.2  Non‑magnetic NPs

Several non-magnetic NPs have been employed in synergy 
with RFs to cause hyperthermia in tumors. Among others, 
gold NPs are particularly employed for this purpose. These 
NPs indeed have demonstrated to improve the temperature 
and the cell death when associated with a RF input, but the 
exact mechanism is under debate, and three possibilities 
have been presented.

The first mechanism proposed is the Joule or inductive 
heating. Actually, gold NPs could act as conductors under 
the RF stimulation. Therefore, the electric field penetrates 
into the NPs, but there is a resistive dissipation within the 
NPs that causes the temperature increase by heat dissipation. 
However, experimental observations demonstrated that this 
explanation is not correct, and thus the Joule heating has 
been rejected as possible mechanism to explain this syn-
ergy [57]. Nonetheless, magnetic heating and electrophoretic 
heating have been proposed in the last years as the most 
probable alternatives to explain RF heating of gold NPs. 
Magnetic heating refers to the capability of magnetic NPs 
to generate heat under a magnetic stimulation. In the case 
of gold nanomaterials, they could become magnetic after 
a chemical oxidation [58]. Electrophoretic heating instead 
is due to the movement of charged species on the gold NPs 
surface because of the variations of the electric field: this 
effect causes the oscillation of the NPs and generates heat 
through mechanical friction [20, 58]. The predominance of 
a mechanism over the other is probably associated to the 
features of the experimental setup, regarding both the RF 
source and the NPs [20]. Cardinal et al. reported the com-
bination of gold NPs with a non-invasive RF generator to 
ablate tumors and avoid the side effects associated to the 
conventional invasive probes employed in the RF tumor 
ablation therapy. In vitro cell tests demonstrated that these 
NPs, upon the exposure to the RF field, improved the tem-
perature achieving cell death. Additionally, the in vivo study 

confirmed the promising results obtained in vitro [75]. The 
NPs size, shape, concentration, and aggregation may affect 
the RF heating. In this context, Amini et al. compared the 
influence of the surface chemistry to tailor the behavior of 
gold NPs and nanorods under a RF stimulation. Compar-
ing pristine with respect to cetyltrimethylammonium bro-
mide (CTAB), citrate, and PEG-coated gold nanostructures 
heated under the RF irradiation, they observed a different 
rate of temperature increase due to the presence of the dif-
ferent shapes and coatings. Additionally, PEGylated NPs and 
nanorods coincubation with human pancreatic carcinoma 
cell line resulted in a decreased cell viability after the RF 
exposure, confirming the synergism between gold nanostruc-
tures and RF [76].

Also carbon-based nanomaterials have been proposed to 
enhance the heating consequences of a RF irradiation [77]. 
Gannon et al. highlighted the ability of single-walled carbon 
nanotubes to produce heat under a RF stimulation. Three 
cancer cell lines, HepG2, Hep3B, and Panc-1, were incu-
bated with different concentrations of nanotubes function-
alized with the Kentera biocompatible polymer, actually a 
polyphenylene ethynylene-based polymer, and exposed to a 
RF stimulation. A 100% cytotoxicity was obtained for all the 
three cell lines when incubated with the higher concentra-
tion of nanotubes (500 mg L−1) after 2 min of RF exposure 
due to the temperature rise caused by the addition of the 
nanotubes [78]. Bijukumar otherwise tested graphene for 
RF-hyperthermia in three-dimensional (3D) culture of liver 
cancer and in an in vivo model. The NPs were furthermore 
conjugated with the transferrin ligand to improve the uptake 
by liver cancer cells improving thus the hyperthermia effects 
as observed in vitro and in vivo [79]. However, carbon is 
often associated with other materials with magnetic prop-
erties, as iron oxide and cobalt, to obtain hybrid NPs with 
an optimal response to the magnetic component of the RF 
stimulation [59]. Furthermore, there are several examples 
of hybrid carbon structures [80, 81]. These nanohybrids are 
mainly involved in investigations where two or more physi-
cal stimulations are combined to achieve tumor ablation [82, 
83].

Other nanomaterials have also been tested for this pur-
pose. Silicon NPs possess good properties of biocompat-
ibility and biodegradability. Additionally, their intrinsic 
capability to amplify the effects of different physical stimu-
lations allows their use for several therapeutic approaches. 
Silicon NPs indeed demonstrated to possess a higher 
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heating rate than gold NPs [84]. Gongalsky et al. evalu-
ated porous silicon nanowires (PSi NWs) combined with 
a RF stimulation (40 W) as anticancer approach. PSi NWs 
were not internalized into HepG2 cells at the considered 
time points (4 and 24 h) as shown in Fig. 5. Observing 
the cell viability upon the incubation with different non-
toxic concentrations of PSi NWs, for 4 or 24 h, and treated 
with RF for 0, 5, 10, 20, and 30 min (panels c and d), it 
was highlighted that the decrease in cell viability was sig-
nificantly exasperated after 24 h of incubation, where also 
10 min of RF exposure became sufficient to achieve cell 
death. The authors explained the cell mortality with the 
degradation of PSi NWs outside the cells, the result in the 
formation of silicic acid ions. Such ions induce the heating 
when exposed to the RF field, probably because the ions 
oscillation cause energy dissipation and Joule heating of 
the solution [85].

Another example is reported by Ashokan. Here, 
 Fe3+-doped calcium phosphate NPs were employed for both 
imaging and therapy. The iron doping causes a characteris-
tic augmented ionic conductance which increases the dielec-
tric loss of the NPs under the RF stimulation. This effect 
provokes a temperature rise responsible of the observed 
necrosis [86].

Furthermore, quantum dots have been proposed in syn-
ergy with RF. Quantum dots are very small semiconduct-
ing nanoparticles (< 7 nm diameter), as cadmium-selenide 
or indium-gallium-phosphide, with a single material or 
multiple core–shell structure. They are frequently used for 
imaging and diagnosis [87]. Glazer investigated an in vitro 
model of mixed cancer cell populations to determine the 
synergy between RF cadmium-selenide and indium-gal-
lium-phosphide quantum dots or gold NPs, all conjugated 
with CD225 antibody, to target epidermal growth factor 
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receptor (EGFR). Cell mortality, following the coincubation 
with all the three types of nanostructures and RF stimula-
tion, was increased only in human pancreatic carcinoma 
cells, that overexpress EGFR, while was less relevant in 
human breast carcinoma cell line expressing a lower 
amount of EGFR. Cell mortality was related to the tempera-
ture increase caused by all the considered nanostructures 
under a RF field [88].

4  Microwave Responding NPs

Microwave (MW) thermal therapy is based on the appli-
cation of electromagnetic waves with a frequency in the 
range from 915 MHz to 2.45 GHz and an energy in the 
MW energy range (300 MHz to 300 GHz) [89] to achieve 
tumor cell death through overheating, with the genera-
tion of temperatures higher than 150 °C [90]. Under this 
stimulation, the dielectric hysteresis verifies. Actually, 
polar molecules, as water, already present in the tissues, 
are forced to realign with the oscillating field, enhancing 
the kinetic energy and thus the temperature of the irradi-
ated tissue [89]. Moreover, the use of MWs for thermal 
ablation presents several advantages if compared with 
other remote physical stimuli. MWs indeed possess the 
outstanding properties of efficient propagation through the 
body and effective heating of tissues characterized by a 
low thermal conductivity, allowing a more efficient heating 
and tumor ablation [54, 89].

The MW stimulation is triggered to the focal area thanks 
to an applicator directly inserted into the tumor. This means 
that for each treatment the applicator needs to be physically 
introduced into the body, with the risk of bleeding due 
to repetitive applications. Additionally the heating treat-
ment is not tissue specific, and thus also areas neighboring 
the zone of interest could be subjected to an uncontrolled 
temperature increase, resulting in coagulative necrosis 
of healthy cells [21], inflammations and furthermore an 
increased risk of metastasis [91]. On the other hand, the 
inefficient heating of the tumor areas near the focal region, 
where the MW applicator is applied, is responsible of the 
recurrences [21]. For these reasons, some researchers pro-
posed the use of NPs able to amplify the MW effects, while 
reducing the MW dose, in order to improve the therapeutic 
efficacy of this anticancer treatment and reduce the side 
effects [21].

A possibility is to employ nanomaterials that, in synergy 
with MWs, improve the temperature absorbing energy [21] 
and may promote a Joule heating effect [92]. Additionally, 
it is reported that some nanotools, e.g., iron oxide NPs 
and carbon nanotubes, are able to produce shock waves 
under a MW input, provoking a mechanical stimulation 
of the cells [93, 94]. The presence of these NPs moreover 
tunes both the thermal and electrical conductivities of the 
tissue, increasing the thermal ablation efficiency [95], but 
the operating mechanism is still unclear [96].

Magnetic NPs have demonstrated to possess good MW 
absorbing properties and to convert efficiently the MW 
energy in heat. In particular, iron oxide NPs, specifically 
with a spherical morphology already known for their capa-
bility to act synergistically with MFs or radiation therapy, 
have demonstrated to efficiently amplify the MW-related 
toxic effects [21]. Wen et al. proposed to employ human 
serum albumin (HSA)-coated iron oxide NPs as agent for 
microwave-pulse-induced thermoacoustic (TA) effect. This 
is a technique based on the collection of shock waves pro-
duced by the rapid thermal expansions of the nanomaterial 
for imaging purposes. Additionally, the behavior of these 
NPs could be remotely controlled by magnetic resonance 
imaging (MRI). Furthermore, these waves are able to per-
turb the cell membrane integrity, resulting in an augmented 
cell death, as shown in Fig. 6. In this way, the proposed iron 
oxide NPs under a MW irradiation could act both as thera-
peutic tool and imaging agent [94].

Iron oxide NPs could be coated or combined with other 
nanomaterials to form hybrid NPs with enhanced heating 
properties under a MW stimulation. An example of coating 
is tungsten trioxide  (WO3−x). Peng et al. use  WO3−x as coat-
ing agent of iron oxide NPs, demonstrating the improved 
MW responding properties of these NPs, that are also sus-
ceptible to a magnetic stimulation, because of their iron 
oxide core, enlarging their application as anticancer thera-
peutics in combination with one of these stimulations or 
both [97].

It was additionally observed the release of energy from 
gold NPs subjected to a MW irradiation. These NPs could 
be employed to improve the efficacy of MW thermal ther-
apy. However, the mechanism has still not been clarified 
and it is believed to lie on both the temperature increase 
and ROS production [98]. The synergy between gold NPs 
and MW is frequently cited to treat the gout disease in 
the so-called metal-assisted and microwave-accelerated 
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decrystallinization [99, 100]. For anticancer purposes 
instead, gold NPs and MWs are frequently employed 
together to maximize the effects of chemotherapy in a com-
bined therapeutic approach, even if in some case the com-
bined action of NPs and MWs is sufficient to induce cell 
death [101, 102].

Also carbon-based nanomaterials have demonstrated a 
good synergy with MWs. The nanotubes indeed absorb MW 
and promote a Joule heating effect [92]. Additionally, also 

carbon nanotubes are able to produce shock waves under a 
MW stimulation, thus physically altering cell membranes 
and organelles provoking cell death. Wen et al. tested single-
wall carbon nanotube with a MW treatment as antitumor 
agent in vitro and in vivo. The nanotubes indeed accumu-
late in the mitochondria which, following the MW irradia-
tion, produce shock waves. This effect causes injuries to the 
mitochondria and then apoptosis, resulting in a decrease in 
tumor volume and an improved survival in mouse models 
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Fig. 6  Schematic illustrations of a the process of human serum albumin-coated iron oxide NPs (HSA-SPIO) synthesis and their administration 
to mice, b thermoacoustic (TA) imaging system, and c HSA-SPIO as therapeutic agent in synergy with MWs. Reprinted under a Creative Com-
mon Licence CC-BY 4.0. Copyright 2020 from Ref. [94]



 Nano-Micro Lett.           (2021) 13:11    11  Page 12 of 34

https://doi.org/10.1007/s40820-020-00537-8© The authors

[93]. Beckler confirmed the efficiency of carbon nanotubes 
with MW for anticancer therapy with multi-walled carbon 
nanotubes decorated with antiCD44 antibody to target pros-
tate cancer [92].

A completely different approach is based on the use of 
NPs and MW to achieve cell death through ROS production 
in the so-called microdynamic therapy. Titania NPs were 
employed for this purpose on osteosarcoma UMR-106 cells 
and UMR-106-bearing mice by Chu et al. It was highlighted 
that only the combination of titania NPs and MW was able 
to induce cancer cells to apoptosis and to reduce the tumor 
size. Furthermore, the authors demonstrated that the addi-
tion of the NPs did not increase the temperature, suggesting 
that the observed cytotoxicity was related to another mecha-
nism, lying in ROS production. According to the authors, 
the MW stimulation generated a plasma in the microbubbles 
of the solution, with the release of UV light able to induce 
the formation of free radicals from the NPs. The presence 
of the NPs also increased the number of microbubbles that 
could respond to the MW stimulation producing UV light 
[103]. Tang et al. otherwise observed singlet oxygen pro-
duction from  Cu2ZnSnS4 NPs under MW irradiation, and 
they exploited this phenomenon to achieve cell death in both 
in vitro and in vivo studies [96].

Another possibility is to employ hollow NPs filled by mol-
ecules able to enhance the thermal effects of MW. In this 
case, the coating with NPs has the role to protect the MW 
enhancer and to deliver it specifically to the target area. Apart 
from the saline solutions, ionic liquids have been proposed 
for this purpose since they are characterized by high polariz-
ability [91]. More severe injuries for cancer cells were also 

reported when NPs are employed to deliver chemotherapeutic 
drugs, i.e., vinorelbine or doxorubicin [104, 105]. Further-
more, NPs could carry both ionic liquids and chemotherapy 
drugs to maximize the toxic effects of the MWs [106].

5  Light Responding NPs

5.1  Photothermal Therapy

Photothermal therapy (PTT) is a therapeutic approach con-
sisting in the light irradiation and consequent heating of a 
target region, actually a tumor, over 41 °C, to achieve cell 
death [107]. This external stimulation could be easily con-
trolled and focused [23]. Light in the near-infrared region 
(NIR) is usually employed for PTT because of its high-tissue 
penetration [51]. To maximize the therapeutic outcomes and 
minimize the thermal injuries to the surrounding healthy 
tissues, the use of NPs, alone or conjugated with other dyes, 
capable to increase the temperature after being excited by 
the NIR light stimulation has been proposed [107]. The 
mechanism of the conversion of light to heat is believed to 
lie into the surface plasmon resonance (SPR) effect, but also 
carbon reticle vibrational state relaxations are sometimes 
reported [61]. In particular, SPR is caused by the interac-
tions between the light and the electrons of the conduction 
band of the material that show a coherent motion, termed 
surface plasmon, upon the irradiation. The excited plasmons 
can decay in different ways, electron-to-photon, electron-to-
electron, and electron-to-phonon, releasing thermal energy, 
as illustrated in Fig. 7 [108, 109].

Electron

Photon

Local heating

Photon

EFEF

Fig. 7  PTT mechanism. Plasmon decay (electron-to-photon, electron-to-electron, and electron-to-phonon) generates local heating. Reprinted 
under a Creative Common Licence CC-BY 4.0. Copyright 2020 from Ref. [108]
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Various nanomaterials display high levels of photo-
thermal conversion efficiency [110], but gold is prob-
ably the most employed. Depending on the dimensions 
of the NPs and the medium where they are resuspended, 
the light could be adsorbed or scattered. Generally, it was 
demonstrated that the absorption spectra and the plasmon 
bandwidth are related to the size of the NPs. [23]. Gold 
nanospheres, nanostars, nanoshells, nanorods, and several 
other configurations have been tested in PTT [111, 112], 
and several coatings and/or the conjugation with target-
ing ligands to achieve a precise focalized action against 
tumor cells have been evaluated [23]. Very recently, San-
cho-Albero et al. proposed to shield PEGylated spheri-
cal hollow gold NPs (40 nm diameter) with extracellular 
vesicles, e.g., exosomes, to evaluate the delivery of such 
nanotools and their exploitation for PTT. In particular, they 
decided to incubate different cell lines, healthy and can-
cer ones, with a non-lethal dose of NPs. After 24 h, they 
replaced cell culture media with exosomes-free media and 
48 h later exosomes containing NPs released from the cells 
were collected. They reported a highly specific uptake of 
exosomes-coated NPs depending on the exosome origin, 
because there is a sort of fingerprint according to their 
cellular origin. Additionally, such nanotools were able to 
act in synergy with a NIR light stimulation to decrease cell 
viability [113].

The same phenomenon is reported for other metals, such 
as silver, platinum, copper, palladium [22, 51, 53], iron 
oxide, quantum dots and rare-earth ion-doped photolumi-
nescent NPs [53, 61, 114].

Iron oxide could be employed to form hybrid NPs with 
other metals, such as gold. These NPs thus have an iron 
oxide core and a gold shell, exploiting in this way the mag-
netic properties of iron oxide for imaging through MRI, 
whereas the gold shell, upon a NIR irradiation, causes a tem-
perature increase and cell death. These hybrid NPs are even 
useful for combined therapeutic approaches involving more 
than one physical stimulation to maximize the therapeutic 
outcomes. They could also be coupled with other metals, or 
employed for the delivery of drugs or other PTT enhancer 
molecules [114].

Since the abovementioned NPs present some limitations 
to the translation to the clinic, such as the low biodegrada-
bility, several other nanomaterials have been proposed as 
PTT-enhancers, starting from carbon-based ones [53]. In 

particular, single- and multiple-walled carbon nanotubes 
and graphene oxide NPs are good light-responsive nano-
structures already employed in PTT investigations. Several 
example could be found in the literature [23, 51, 53, 61]. 
The carbon nanostructure indeed is able to absorb light 
and convert into vibrations of the lattice, releasing energy 
in the decay [61]. An example could be represented by 
the study of Lu and co-workers. These authors targeted 
pancreatic tumors with PEGylated single-walled carbon 
nanotubes conjugated with the NIR fluorescent dye Cy7, 
to track nanotube internalization, and the anti-insulin like 
growth factor receptor type 1 toward pancreatic cancer 
cells. They observed a marked reduction in viability only 
in cells incubated with the nanotool and treated with NIR 
light. Monitoring the ROS production, it was furthermore 
evidenced a considerable improvement in the ROS level 
in the same cells. In addition, with orthotopic pancreatic 
cancer-bearing mice they confirmed the efficient internali-
zation of the proposed nanotool an augmented heating in 
the tumor area after the NIR irradiation [115].

Some nanomaterials are capable to absorb light at other 
wavelengths, and thus they are less suitable for PTT appli-
cations. However, several researches tried to tune their 
absorption for PTT purposes. An example is represented 
by titania NPs. As reported by Zhang et al., titania is nor-
mally characterized by an intense UV absorption and is 
employed for the photodynamic therapy. However, chemi-
cal modifications can tailor its absorption to NIR, allow-
ing its use as PTT agent. Oxygen‐deficient black titania 
 (TiO2−x) NPs, obtained starting from Al reduction in tita-
nia, or Nb-doped titania NPs have both demonstrated to 
efficiently convert NIR absorption to heat, inducing cancer 
cells to death [19]. Mou et al. administered PEGylated 
 TiO2−x NPs to tumor-bearing mice. After their accumula-
tion in the tumor, NIR light irradiation was performed, 
causing the increase in the temperature and tumor ablation. 
Furthermore, it was highlighted the capability of these 
NPs to convert light energy also into chemical energy, gen-
erating ROS, obtaining a sort of combined photodynamic-
photothermal therapy [116].

Several polymeric NPs have also been successfully 
employed as anticancer agent in PTT. Indeed, polymers 
as polypyrrole, poly-(3,4-ethylenedioxythiophene):poly(4-
styrenesulfonate), dopamine-melanin, and polyaniline have 
been used to build biocompatible and light-responsive NPs 
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to target cancer cells alone or combined with other mol-
ecules [51, 117]. A remarkable example of polymeric NPs 
for PTT is represented by the investigation of Wang et al. 
The authors synthetized a hybrid system composed by lipids 
and polyaniline, decorated with folic acid, to improve the 
tumor targeting. Such NPs demonstrated useful properties 
exploitable for both imaging and PTT in HeLa cells and 
BALB/c mice-bearing HeLa tumor [118].

Another possibility is to conjugate NPs already employed 
in PTT with chemotherapeutic agents, or immunoadjuvant 
drugs, as revised elsewhere [107, 117].

5.2  Photodynamic Therapy

Another possible combination of light and NPs to achieve 
cancer cell death is the photodynamic therapy (PDT). This 
treatment consists in the administration of a molecule, 
named photosensitizer, that is excited by a light with a deter-
minate wavelength, resulting in the generation of different 
ROS species able to cause cell death [119]. After the light 
excitation, the photosensitizer passes from a ground state to 
an excited single and then triplet state, where it can directly 
react with several biomolecules, as lipids and proteins, form-
ing different radicals (Type I reaction). Alternatively, it can 
react with molecular oxygen, with singlet oxygen (1O2) pro-
duction (Type II reaction), as shown in Fig. 8 [119, 120].

ROS and more in general free radicals are responsible 
of the generation of several injuries to the cells, inducing 
apoptosis, necrosis or autophagia depending on the intra-
cytoplasmic localization of the photosensitizer, the energy 
applied, and other factors [119]. ROS and free radicals can 

moreover impair the tumor vasculature, enhancing inflam-
matory responses and then activating an antitumor immune 
system-specific reaction [121]. Several classes of photo-
sensitizers have been approved for clinical use, as recently 
reported elsewhere [119, 122]. Conventional photosensitiz-
ers are porphyrins, chlorins, and other molecules, as chloro-
phylls. They all have to face problems as the administration 
into the human body, the tumor selectivity, the degradation, 
and the photobleaching [121]. For these reasons, several NPs 
have been proposed alone or combined with a photosensi-
tizer to improve the efficacy of PDT [123–125].

Some nanomaterials indeed, actually carbon [126], zinc 
oxide, and titanium dioxide [127, 128], have demonstrated 
to be able to generate ROS after a light stimulation, acting as 
photosensitizers themselves. Fullerenes, composed by 60 or 
70 carbon atoms in a spherical shape, are capable to absorb 
light in the UV or blue region, generating both free radicals 
and singlet oxygen. They have been extensively employed as 
photosensitizers in PDT because they conjugate good pho-
tosensitizing properties with a high photostability and a low 
susceptibility to photobleaching. Since they are insoluble 
in water, they are usually proposed with surface modifica-
tions and/or conjugated with coating agents for biological 
applications. Furthermore, they can be conjugated with 
other molecules for imaging, creating theranostic NPs [125]. 
Grebinyk et al. evaluated the accumulation and localization 
inside human leukemic cells of  C60 fullerene NPs and their 
photosensitizing properties induced by UV, violet, green, 
and red high-power single-chip LEDs light irradiation. The 
results evidenced the NPs localization in mitochondria of 
human leukemic cells. The highest cytotoxicity was recorded 
when NPs where combined with a UV irradiation, whereas 
no toxic effects were reported when the NPs were associ-
ated with an irradiation of green or red light, because of the 
lower absorption of the NPs in these regions. Additionally, 
the UV irradiation resulted in an increased ROS production 
and apoptosis [129].

It was demonstrated that the semiconducting zinc oxide 
NPs exposed to an UV stimulation are able to generate 
ROS. The irradiation with a light characterized by an energy 
higher than their band gap (3.3 eV) indeed induces an elec-
tron transfer from the valence band to the conduction band, 
with the creation of an electron–hole pair. The electrons 
can reduce oxygen molecules thus forming superoxide radi-
cal anion, while the holes can oxidize water molecules and 
hydroxide ions, generating hydroxyl radicals and hydrogen 
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Fig. 8  Jablonski’s diagram illustrating PDT mechanism. The pho-
tosensitizer (PS) is excited from a ground state to an excited single 
 (PSEs) and then a triple  (PSEt) state, in which it could react in two 
ways (Type I and II). Reprinted under a Creative Common Licence 
CC-BY 4.0. Copyright 2020 from Ref. [138]
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peroxide [10]. In this context, our group demonstrated 
through electron paramagnetic resonance studies that pris-
tine zinc oxide NPs (ZnO NPs) were not able to induce ROS 
generation without an external stimulation. However, after 
the irradiation under UV light, NPs produced an impressive 
increase in ROS, in particular hydroxyl radicals, capable 
to exert cytotoxic effects in HeLa cells. This phenomenon 
was not affected by the presence of a phospholipidic bilayer 
around the NPs, composed by 1,2-dioleoyl-sn-glycero-
3-phosphocholine (DOPC) to allow their better dispersion 
in biological fluid and higher cell internalization, suggest-
ing that the presence of the coating agent does not interfere 
with the pathway of ROS generation. As depicted in Fig. 9c 
regarding the ROS generation of HeLa cells W/O UV stimu-
lation and W/O lipid-coated ZnO NPs (ZnO-DOPC NPs), 
it was highlighted that only in the presence of ZnO-DOPC 
NPs and UV light there was ROS production, responsible of 
the observed cell death reported with the MTT assay [130].

Titania, another semiconductor material characterized 
by a band gap energy comparable to zinc oxide, possesses 
almost the same light-responsive properties, and addition-
ally, it is associated with a very low toxicity [19, 125]. Sev-
eral examples of titania NPs have been thus proposed for 
PDT [19, 131, 132]. A peculiar implementation through a 
reduction in conventional titania is the black titania. This 
reaction induces the formation of  Ti3+ ions on the surface 
of the NPs and modifies their photosensitizing properties, 

shifting their absorption from UV to NIR. Ni et al. observed 
that this peculiar modification allowed the NPs to act in syn-
ergy with NIR light causing bladder cancer cell death [133].

Sometimes, two or more materials are coupled to form 
hybrid NPs with enhanced light responses. Gold, copper, 
iron and other materials have been proposed in combina-
tion with zinc oxide for this purpose, because they tune 
its absorption from UV to visible light or NIR, that are 
characterized by a higher tissue penetration [134]. When 
zinc oxide is combined with copper, e.g., and irradiated 
with visible light, it was observed that a reaction occurs 
between the electrons present in the valence band of zinc 
oxide and the copper, with the conversion of  Cu2+ to  Cu+. 
This last generated species and the positive holes on the 
NPs surface both react with oxygen, hydroxyl groups and 
water with a consequent ROS formation [135]. Another 
possibility is the doping of the NPs with elements that 
are able to absorb in the NIR light range or the X-rays. 
These radiations indeed possess a deeper tissue pen-
etration, in contrast with the UV generally employed 
to induce the production of ROS [134]. In the case of 
NIR, this is achieved conjugating the NPs responsive to 
PDT, i.e., titania and zinc oxide NPs, with the so-called 
up-conversion NPs, that are usually comprised of host 
lattices of ceramic materials, embedded with transition 
metal, actinide or lanthanide ions and are able to absorb 
NIR light and excite the NPs releasing visible light [125]. 

Fig. 9  a Schematic representation of PDT with lipid coated zinc oxide NPs (ZnO-DOPC NPs). b Fluorescent-labeled (Atto550-NHS) ZnO-
DOPC NPs colocalization with lysosomes labeled with Lysosomes-GFP. c ROS generation measurement through the 2′–7′dichlorofluorescein 
diacetate assay. Scale bars: 5 μm. Reprinted under a Creative Common Licence CC-BY 4.0. Copyright 2020 from Ref. [130]
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Otherwise NPs could be conjugated with nanoscintilla-
tors that possess the capability to convert gamma-rays 
or X-ray onto a visible light. The resulting therapeutic 
approach, also called X-ray PDT [136], consists on the 
conjugation of the photosensitizer to a nanoscintillator, 
the internalization of such nanotool by cancer cells and 
the administration of a radiation treatment [137]. Sev-
eral nanomaterials have been developed for this particu-
lar PDT, as metal–(in)organic clusters, metal materials, 
radioluminescent nanophosphors, and quantum dots, as 
precisely reported in a recent review [136].

NPs could be also employed to deliver the photosensitiz-
ers. Several types of inorganic NPs, e.g., silicon and gold 
ones, as well as liposomal and polymeric biodegradable sys-
tems, have been proposed as nanocarriers for the delivery of 
the photosensitizers with promising results, as revised else-
where [125, 138, 139]. Additionally, the nanocarrier could 
contain not only the photosensitizer, but also an imaging 
agent, becoming then a theranostic tool [139]. Yang et al. 
adopted hollow manganese dioxide nanoplatforms, which 
ions improve MRI contrast, as carrier of both the photo-
sensitizer chlorine e6 and anticancer drug doxorubicin for a 
combined chemotherapy-PDT [140].

6  Mechanical Wave‑Based Therapies

6.1  Ultrasound‑Responsive NPs

Ultrasound (US) is a mechanical sound wave with a periodic 
vibration frequency higher than human hearing [141]. The 
irradiation with US causes both thermal and non-thermal 
effects. Thermal effects derive from the passage of the US 
wave in the tissue, where part of its mechanical energy is dis-
sipated in heat through friction effects, potentially causing 
hyperthermia and cell death. Otherwise, non-thermal effects 
depend on the acoustic cavitation and its consequences. This 
phenomenon is related to rarefaction and compression cycles 
caused by the US field, in which gas pockets, already present 
in the body, grow and form microbubbles that expand and 
shrink. In the so-called stable or non-inertial cavitation, the 
microbubbles oscillate for several acoustic cycles, heating 
the irradiated area and causing mechanical stress through 
the generation of microstreamings, radiation forces, and 
shear stress. On the contrary, in the inertial cavitation the 
microbubbles collapse generating very high pressures and 

temperatures, inducing also the formation of several ROS 
trough the sonolysis of water molecules or perturbing mol-
ecules in close proximity to imploding bubbles. The col-
lapse of the gas bubbles results also in mechanical stress for 
the cells, with the generation of microjets and shock waves. 
Additionally, a characteristic emission of light, named sono-
luminescence, is reported as a consequence of the microbub-
ble implosion, even if its exact mechanism has not been fully 
understood. The predominance of thermal or non-thermal 
effects depends on the parameters of the applied US field 
[16, 142].

US have been adopted in different fields for diagnosis 
and therapy, included anticancer therapy. High-intensity 
US indeed have been employed to drastically improve the 
temperature in a focal region, actually a tumor, obtaining the 
complete tumor ablation through coagulative necrosis [141, 
142]. In addition, US can be employed alone or in combi-
nation with gas bubbles to facilitate the internalization of 
drugs or nucleic acids temporarily altering the permeability 
of plasma membranes [16].

In the last years however, several researchers, inspired 
by the promising results of PDT, proposed to couple the 
US input with photosensitizer molecules at the beginning, 
and then NPs to maximize the therapeutic outcomes. This 
approach is called sonodynamic therapy (SDT). The applica-
tions of US in combination to a molecule, called in this case 
sonosentizer, are object of numerous research papers and 
reviews [16, 143, 144]. Different NPs could be employed 
to deliver the sonosensitizer in a desired site preserving its 
properties in the biological environment [143]. Moreover, 
in the last years, several groups proposed the use of the sole 
NPs as sonosensitizers [16, 144].

The exact mechanism of this synergism has not been fully 
understood yet; however, a possible explanation is shown 
in Fig. 10. It is worth to mention that the mechanism of 

Fig. 10  Summary of possible mechanisms to explain the cytotoxicity 
arising from NP-assisted US therapy



Nano-Micro Lett.           (2021) 13:11  Page 17 of 34    11 

1 3

action depends obviously on the features of the nanomaterial 
involved and on US parameters.

During the NPs-assisted US therapy, both effects aris-
ing from the US irradiation alone, thermal and non-thermal 
ones, and the combination of US with the NPs have to be 
considered.

The addition of the NPs decreases the cavitation threshold 
that is US dose necessary to obtain acoustic cavitation. It 
was experimentally demonstrated that NPs act as nuclea-
tion site thanks to their surface roughness or the presence of 
pores in their structures that allow to carry tiny gas bubbles. 
These gas nuclei can form bubbles that grow and collapse 
or persist for many acoustic cycles, amplifying the effects 
of the US [145].

Otherwise, sonoluminescence-derived light radiation 
could be able to activate light-responsive NPs (e.g., gold 
or semiconductor NPs), with different consequences (e.g., 
temperature increase), ROS production and others, depend-
ent on the material involved [16].

Another possible mechanism about the combination 
between US and NPs was proposed by Osminkina et al. It 
lies on the mechanical stress provoked by the NPs motion 
inside cancer cells under a US stimulation, that the authors 
identify as “nanoscalpel effect”, that could be able to cause 
mechanical injuries that induce cell death [146].

For specific chemically unstable NPs (e.g., zinc oxide and 
iron oxide ones), the US stimulation could also provoke the 
NPs disaggregation and enhance their degradation with the 
release of toxic ions, resulting in cell death [147, 148].

In the case of NPs made by piezoelectric materials (e.g., 
barium titanate), the US stimulation could generate electric 
charges that impair cell functions [149].

Since there are several possible modalities in which US 
can cause cell death in synergy with NPs, a very large num-
ber of different nanomaterials have been proposed as sono-
sensitizers [16, 143, 150].

Gold [151, 152] and silver [153] NPs were both proposed 
as sonosensitizers. Brazzale et al. developed folate-deco-
rated gold NPs and tested their properties for SDT purposes 
in different cancer cell lines. They chose gold because of 
its peculiar optical properties and decided to functionalize 
these NPs with folate because many tumors overexpress the 
folate receptor. These NPs are indeed able to decrease the 
cavitation threshold, but could also increase the tempera-
ture through a SPR-related mechanism, probably due to a 
sonoluminescent excitation of the NPs. Furthermore, the 

warming could supply more gas for the formation of the 
bubbles under a cavitating regime. They successfully dem-
onstrated the selective uptake of folate-decorated NPs and 
that their synergy with US was able to significantly increase 
ROS production and decrease cell viability [152].

However, titania-based NPs are probably the most 
investigated nanotool for SDT applications. In fact, as gold 
NPs, they provide cavitation nuclei and could be excited 
by sonoluminescence, improving ROS production and cell 
death. Several investigations have thus been carried out in 
this direction [19, 154]. Titania NPs are often functional-
ized with PEG and/or other molecules to prevent aggrega-
tion and increase their therapeutic effects. Additionally, 
they could be synthetized with a mesoporous conforma-
tion to entrap drugs or combined with other materials to  
form hybrid NPs with enhanced anticancer properties. 
Gold-coated titania nanoparticles were developed to 
increase sonochemical reactions. In fact, the presence of 
gold is able to trap the sono-excited electrons and reduce 
electron-holes fast recombination, enhancing ROS produc-
tion [19].

Zinc oxide moreover, presenting very similar chemical 
properties, is a promising candidate for SDT. Our group 
recently investigated the ability of amino-propyl function-
alized zinc oxide nanocrystals to induce inertial cavitation 
after pulsed US exposure, observing a large production of 
ROS, specifically of hydroxyl and superoxide anions. The 
adopted US conditions were thus sufficient to initiate the 
acoustic cavitation of tiny gas bubbles trapped at the surface 
of the nanocrystals [31].

Also, magnetic NPs could be used for SDT [148, 155, 
156]. Ebrahimi et al. investigated the sonodynamic proper-
ties of iron oxide nanoparticles in a breast carcinoma cell 
line. They showed an increased cytotoxic effect when they 
improved the concentration of NPs subjected to a US expo-
sure. This was perhaps due to iron ions release, because they 
can react with hydrogen peroxide, forming hydroxyl and 
hydroperoxyl radicals through Fenton reaction, increasing 
ROS burst and cell death [148].

Gong et  al. otherwise suggested the use of oxygen-
deficient  MnWOX NPs as sonosensitizers. With these NPs 
indeed a highly effective SDT treatment of tumors was 
achieved. The oxygen-deficient structure could provide 
electron trapping sites to prevent electron–hole recombi-
nation, causing the production of a large amount of ROS. 
Additionally, NPs showed a unique capability of glutathione 
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depletion, which increases SDT-triggered cancer cell killing 
[157].

Silicon has been employed to build active NPs under US. 
Osminkina et al. [146] synthetized dextran-coated silicon 
NPs and investigated their potential application as sono-
sensitizer in vitro and in vivo. The observed enhanced cell 
death was explained with SDT-associated hyperthermia and 
mechanical damages caused by the internal motion of the 
NPs that results in apoptosis, actually the previously men-
tioned “nanoscalpel effect”. Furthermore, investigating the 
interactions between silicon NPs and US, Sviridov et al. 
highlighted two main mechanisms. (1) an enhanced scatter-
ing and viscous dissipation of the US energy in the medium 
with NPs, resulting in the heating of the medium; (2) an 
augmented acoustic cavitation-associated heating, more pro-
nounced in the case of NPs with hydrophobic inner walls 
[158].

The use of carbon-based nanomaterials as sonosensitizers 
is also reported in the literature [159, 160]. In this context, 
Kharin and group proposed a new theranostic agent consist-
ing of fluorescent carbon NPs. They observed the preferen-
tial accumulation of these NPs in both the nuclei of healthy 
and cancer cells after the internalization. Furthermore, 
the subsequent treatment with US resulted in a mechani-
cal injury and cell death for both the cell lines considered, 
highlighting the importance of the tumor targeting [159].

Another possibility is to employ materials with piezoelec-
tric properties to electrically stimulate cancer cells exposed 
to US [149, 161]. For this purpose, Marino et al. used bio-
compatible piezoelectric barium titanate NPs functionalized 
with epidermal growth factor in order to target breast can-
cer cells. US treatments were performed 1 h once a day for 
4 days to cells W/O NPs. Later, they evaluated cell metabo-
lism, cell cycle, and the morphology of the mitotic spindles. 
They recorded a drop of the metabolic activity, a stop of 
cell proliferation, and mitotic aberrations in cells treated 
with both nanoparticles and US, confirming the existence 
of a synergistic effect [149]. The same strategy was adopted 
against glioblastoma multiforme in a second paper [161].

6.2  Shock Wave‑Responsive NPs

Shock waves (SW) are mechanical waves characterized 
by a first very high peak pressure (up to 100 MPa) with 
a phase duration of 0.5–3 μs, followed by a tensile wave 

characterized by a negative pressure (− 10 MPa) for 2–20 s, 
before recovering to ambient values [144]. Figure 11 shows 
the typical form of a therapeutic SW.

The extracorporeal SW therapy is nowadays clinically 
employed for the treatment of several diseases character-
ized by different origin and affecting different organs, such 
as tendon-related pathologies, wound healing, and oth-
ers. Part of the SW therapeutic outcomes lies on the so-
called mechanotransduction effect. This is composed by 
the molecular mechanisms that regulate the responses at 
the mechanical stimulations, and influences processes such 
as migration, proliferation, differentiation, and apoptosis 
[162]. SW have also been proposed alone to inhibit the 
growth of cancer cells. Foglietta et al. reported that when 
mesenchymal stem cells and cancer cells (glioblastoma or 
osteosarcoma) co-cultures are irradiated with SW, the con-
sequence is a selective cancer cell death related to the ROS 
production by mesenchymal stem cells [163]. Otherwise, 
SW could be employed to permeabilize temporarily cell 
membrane and improve the uptake of drugs and chemo-
therapies [164, 165], as well for the delivery of nucleic 
acids [166, 167].

Additionally, some researchers proposed to use SW 
in SDT investigations. This proposal was made because, 
despite the promising anticancer results obtained with the 
SDT in different cell lines and tumor models, an impor-
tant limitation is represented by the understanding of its 
operating principle, even if it is believed that the main 
mechanism lies in the inertial cavitation. The use of 
high-energy SW to activate the sonosensitizer allows to 

Time
−100 MPa

100 MPa

Pressure

Fig. 11  Scheme of a therapeutic SW
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minimize the thermal effects related to US and to precisely 
observe the non-thermal ones and their consequences 
[144]. Some authors thus employed SW in synergy with 
canonical photosensitizers in order to achieve cancer cell 
death [168–170]. In this case, NPs could be exploited to 
deliver the sonosensitizer and improve its internalization 
in cancer cells [171, 172]. Varchi et al. synthetized poly-
methyl methacrylate NPs (PMMANPs) carrying the meso-
tetrakis (4-sulfonatophenyl) porphyrin (TPPS), observing 
an enhancement of the sonosensitizing action of the TPPS 
when loaded into the PMMANPs in terms of reduction in 
tumor volume in a breast cancer model, and additionally 
recorded an improved expression of genes related to oxida-
tive stress [171].

Some NPs could be also employed as sonosensitizers to 
study the synergy with SW, but from our knowledge, only 
our recent study with zinc oxide nanocrystals (ZnO NCs) 
and SW with different positive peak pressure (PPP) suc-
cessfully conjugated NPs with SW. We indeed compared the 
effects of a single toward multiple SW stimulations in cervi-
cal adenocarcinoma cells co-incubated with ZnO NCs. We 
discovered that only multiple stimulations (three treatments/
day) were able to trigger the synergy with ZnO NCs and 
thus induced cancer cells to death (Fig. 12). The observed 
cell death is probably related to a multifaceted mechanism 
potentially involving some of the pathways proposed above, 

as the amplification of US effects, a partial NPs dissolution 
with the release of  Zn2+ ions, which imbalance is responsi-
ble of different alterations in cell behavior, and perhaps to 
a situation of mechanical stress caused by the motion of the 
internalized NPs under the SW stimulation [25].

7  Combined Stimuli for Enhanced Therapy

Generally, the NPs are triggered by a single remote stimula-
tion, but there are some examples in the literature of NPs 
activated by the simultaneous administration of two or 
more physical inputs, maximizing cancer cell death. There 
are nanomaterials responsive to more stimulations, as gold 
[173]. Otherwise, hybrid NPs comprising materials with dif-
ferent properties could be employed, and each component 
could interact with a single input [83]. This has indeed the 
remarkable advantage to increase the therapeutic outcomes 
further reducing side effects [174], and several possible 
strategies are reported in the literature.

A first possibility is to employ nanomaterials with the 
intriguing property to improve the radiation therapy effi-
cacy and also able to generate hyperthermia in association 
with a second stimulus. Hyperthermia indeed is able to 
radiosensitize cancer cells inhibiting DNA repair and, at 
the same time, increasing the oxygenation of the tissues 
acting on the blood flow. In this way, the radiation dose 
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required to obtain the complete tumor ablation is reduced, 
limiting thus the side effects associated to this therapeutic 
approach [175]. MF-responsive NPs could be employed 
for this purpose, and furthermore, they could be magneti-
cally delivered to a target area and used for imaging. Mag-
netic NPs, as iron oxide ones, and hybrid NPs have been 
proposed in this context [40]. Anyway, in this particular 
combination usually only one of the stimulations activates 
the NPs to trigger cytotoxicity. In this example, Jiang et al. 
adopted gadolinium-doped iron oxide NPs that in synergy 
with a magnetic stimulation generate both thermal abla-
tion and mild hyperthermia in a mouse model. This effect 
improved the efficacy of the subsequent radiation therapy 
through the reduction in the radiation resistance, decreas-
ing the fraction of hypoxic cells, and perturbing the tumor 
vasculature [176]. In another case on the contrary hybrid 
NPs acted in synergism with the radiation therapy, while 
the magnetic stimulation was employed only for imaging 
purposes [177].

Otherwise, the combination of radiation therapy with 
PTT has been widely explored. A first possibility is to 
employ a multi-responsive nanomaterial, as gold. Gold 
nanostructures indeed generate heat when excited by light 
and additionally their radiosensitizing effect is reported in 
the literature as abovementioned. Various morphologies 
of gold nanostructures have been therefore employed for a 
double stimulation with light and radiation therapy [178, 
179]. More in general, several metal NPs could potentially 
be involved in the same exploration, as bismuth [180] and 
platinum NPs, which anticancer efficacy in combination 
with radiation therapy and PTT has been recently dem-
onstrated [181]. Also hybrid NPs, such as copper sulfide 
[182] or composed by gold and iron oxide, have been 
largely employed in the combined PTT-radiation therapy 
approach. Furthermore, some of these nanohybrids could 
be potentially activated also by a magnetic stimulation, 
opening the possibility to insert a third physical input, even 
if for imaging purposes [183]. In this context, Mohavedi 
et al. recently deepened the mechanism of this synergy, 
demonstrating that gold-coated iron oxide core–shell NPs 
are accumulated in mitochondria after the internalization 
in KB cancer cells. The double stimulation by light and 
radiation therapy causes a massive cell injury, observ-
able through transmission electron microscopy, and acti-
vates the expression of apoptotic genes. Also the overex-
pression of the HSP70 gene, associated to cell heating, 

inflammation, radiation and others stress stimuli, has been 
recorded [184].

Considering instead the possibility to combine radiation 
therapy with PDT, another opportunity is to conjugate a 
photosensitizer with a radiation-responding material [185]. 
From the best of our knowledge, however, only conventional 
photosensitizers have been involved in these studies. NPs 
indeed are sometimes employed merely as carrier, without 
playing an active role in synergy with the stimulations [138, 
185].

Radiation therapy is often associated to US for imaging 
purposes [186], and furthermore US irradiation alone can 
radiosensitize cancer cells [187]. Shanei et al. moreover pro-
posed to add gold NPs that are able to interact synergistically 
with both X-ray and US triggering cancer cell death. The 
authors indeed measured the sono-radiosensitivity effect of 
different concentrations of gold NPs on HeLa cells, tuning 
the parameters of both US and X-rays. They found that all 
the considered concentrations improved cell mortality when 
remotely activated by the two inputs [174].

Leaving the radiation therapy, there are moreover some 
interesting proposals where nanomaterials are remotely 
activated by a MF and another physical stimulation. It is 
reported in the literature that the combination of magnetic 
hyperthermia and PTT has a tremendous impact on cancer 
cells, because their interaction is very effective, overcoming 
furthermore the limitations and the drawbacks associated 
with the single magnetic hyperthermia or PTT [188]. In this 
context, some studies with NPs have been presented, involv-
ing both NPs made by a single material and hybrid NPs in 
which each component is remotely activated by a different 
input, even if in some cases the magnetic stimulation has 
only imaging purpose [61, 62]. Espinosa et al. demonstrated 
that iron oxide nanocubes remotely triggered by MF and a 
light input provoked a more marked temperature increase 
than when the nanocubes were irradiated by only one of the 
stimulations. This synergistic or cumulative effect allowed 
the complete cancer cell death in vitro and tumor ablation 
in vivo [189]. Ma et al. additionally proposed the use of 
hybrid NPs formed by iron oxide and palladium. These NPs 
indeed possess magnetic properties, due to the iron oxide 
component, the capability to generate ROS in the presence 
of hydrogen peroxide through to Fenton reactions, and PTT 
responsiveness due to the palladium. Actually, palladium 
possesses a strong SPR band in the NIR region and moreo-
ver could generate ROS in acidic conditions. The authors 
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recorded a high-temperature increase with the double-acti-
vation of the NPs, and additionally an improved ROS gen-
eration [190].

PDT has also been proposed in combination with a mag-
netic stimulation. The aim of the MF input could be also 
in this case for imaging and for the magnetic guidance of 
the NPs; however, sometimes MF can also contribute to 
cell death. The nanosystem involved in this case is gener-
ally composed by NPs with magnetic properties conjugated 
with a photosensitizer, maximizing the therapeutic outcomes 
under a double magnetic-light stimulation [188, 191]. Curcio 
et al. synthetized hybrid NPs constituted by a nanoflower-
like iron oxide structure and a copper sulfide shell. The iron 
oxide core indeed increased the temperature under a MF, 
while the copper shell made them responsive to light for 
both PTT and PDT [192].

Magnetic hyperthermia could be also combined with US, 
and there are some examples in the literature of this dual-
stimulation. Jozefczak et al. demonstrated that the tempera-
ture of a tissue mimicking phantom showed a more marked 
increase when iron oxide NPs were irradiated by both MF 
and US, rather than the single stimulation. This effect was 
explained as the NPs improved the absorption of US energy 
and were also capable to produce heating under the MF 
[193]. Despite of this, the MF role is often limited to imag-
ing and targeting when combined with US [157, 194].

In contrast with all the modalities for a remote trigger-
ing of the NPs presented above, MW have been very rarely 
involved in a dual-stimulation mode of NPs, and from our 
knowledge, no cases of MW-PTT and MW-PTT involv-
ing NPs as therapeutic agent are reported. US otherwise 
have been sometimes employed in combination with MW 
to improve tumor ablation. The localized impairment of 
tumor vasculature following the acoustic cavitation indeed 
could improve the efficacy of the MW-associated hyperther-
mia decreasing the heat loss [195]. Otherwise, US could 
be involved for imaging purposes, e.g., to monitor the MW 
thermal ablation [196], thus potentially the addition of NPs 
could drastically improve the therapeutic effects. Gebreel 
et al. demonstrated the enhanced cytotoxicity of iron oxide 
NPs stimulated by both US and MW in tumor-bearing mice, 
with a 97.89% reduction in the tumor volume following the 
dual-mode stimulation [197].

Besides, since both PDT and PTT possess a high thera-
peutic efficacy and low side effects, several researches have 
attempted their combination to maximize cancer cell death. 

In this case, hybrid complexes formed by a PTT-responsive 
NP and a conventional photosensitizer have been proposed 
[198, 199], as the use of sole NPs opportunely build to 
improve both PTT and PDT outcomes. A possibility is to 
employ NPs synthetized with a single material responsive 
to both the stimuli, as gold. Actually, gold has the capabil-
ity to generate ROS under certain conditions of irradia-
tion, perhaps though a plasmon-activated pathway or an 
indirect modality. Unfortunately, this mechanism is not 
well explored, as the majority of the studies in the litera-
ture presents gold NPs as carrier of photosensitizer [200], 
instead of the sole gold NPs in synergy with light for a 
dual PDT–PTT [173]. Also black titania nanostructures 
could be employed for this purpose [116]. An alternative 
is to design hybrid NPs with improved photosensitive 
properties [201]. In this latter case, Lee et al. synthetized 
a nanocomplex constituted by defective titania NPs that 
generates ROS when exposed to NIR, and gold nanorods, 
as PTT-enhancers. When HeLa cells, previously incubated 
with the nanocomplexes, were subjected to both PDT and 
PTT, a significantly reduced cell viability was observed 
and associated to ROS burst, produced by titania NPs, and 
temperature increase, due to the irradiation of the nanorods 
[202].

Moreover, focusing of light-US dual-activated NPs, 
there are several examples of NPs for a combined 
SDT–PTT. Sazgarnia et al. proposed gold NPs excited 
by light and US. In this context, indeed gold NPs could 
decrease the cavitation threshold delivering gas pockets 
on their structure and additionally, when irradiated by NIR 
light, they induce a temperature increase. The temperature 
rise moreover causes the vaporization of the surround-
ing medium, providing vapor bubbles which are active 
under the US field. The administration of the NPs and 
the irradiation with both inputs resulted to inhibit more 
efficiently the tumor growth and improves the cumulative 
survival fraction in colon carcinoma bearing mice [203]. 
Han et al. exploited otherwise NPs composed by black 
 TiO2@TiO2−x core/shell nanostructures composed by tita-
nia nanocrystals with an oxygen-deficient surface layer 
for a combined PTT-SDT anticancer therapy. The oxygen 
deficiency indeed facilitates the electron-holes separa-
tions under US, improving the regeneration of ROS, and 
furthermore this nanosystem is responsive to NIR, trig-
gering hyperthermia. NPs were non-toxic for cancer cells 
in vitro (Fig. 13b), but only when activated by both laser 
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Fig. 13  Combined effect of NPs with light and US. a Scheme illustrating the synergy proposed. b Cell viability after incubation with the pro-
posed nanosystem (B-TiO2−x-PEG). c Cell viability after different treatments. ***p < 0.001. d Flow cytometry apoptosis assay after different 
treatments, staining with Annexin-FITC and PI. e Confocal laser scanning microscopy images of after different treatments, PI (red fluorescence), 
calcein-AM (green fluorescence). Scale bar 40 μm. f Confocal laser scanning microscopy images of cells stained with 2′–7′dichlorofluorescein 
diacetate after different treatments, scale bar 20 μm. g Flow cytometry measurement of ROS production. Adapted with permission from [154]. 
Copyright 2020 American Chemical Society
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light and US, as confirmed by the flow cytometry assess-
ment of apoptosis and fluorescence microscopy analysis 
(Fig. 13c–e, respectively). Furthermore, ROS production 
resulted to be maximized when the NPs acted synergisti-
cally with both the inputs (Fig. 13f). The proposed treat-
ment was additionally able to completely eradicate the 
tumor in a mouse model [154]. There are besides several 
examples of hybrid titania NPs for an enhanced PTT-SDT 
anticancer treatment [204, 205]. Otherwise when PDT 
is combined with SDT, from the best of our knowledge, 
one of the components is always a conventional photo-
sensitizer, i.e., a porphyrin, not involving the NPs as sole 
therapeutic agent [16, 144].

8  Clinical Trials with Remotely Activated NPs

NPs have been widely investigated for the treatment of dif-
ferent diseases, in particular for anticancer purposes.

The use of NPs as anticancer agent indeed gives different 
advantages, e.g., the possibility to exploit the EPR effect to 
achieve a passive targeting, the versatility of the possible 
modifications to improve their specificity, their responses 
to external stimuli exploitable for therapy, diagnosis or 
both purposes, and several others. Although the high num-
ber of published articles and millions of dollars invested 
in the development of new nanomedicines, only few pro-
posals have demonstrated a real improvement compared to 
traditional protocols in terms of enhanced recovery rate and 
decrease of side effects [13]. Nowadays, a limited number 
of them are under clinical trials or approved, especially in 
the case of remotely triggered NPs intended as clinical agent 
without the addition of drugs. There are indeed several chal-
lenges to face to achieve the approval, as well as various bio-
logical, technological, and study design issues [206]. Actu-
ally, the properties of the NPs in the human body strictly 
influence their fate and therapeutic outcomes, and several 
chemical, physical, and biological methods to improve the 
NPs stability, their biomimetic properties and reduce their 
aggregation have been proposed [12]. The conjugation of 
the NPs with antibodies is particularly explored in the last 
years to achieve a specific tumor targeting. Another impor-
tant aspect is the synthesis of the NPs, that strongly tailor 

the NPs behavior [207] as well has to be modulable for the 
industrial scale-up, and moreover the product of the synthe-
sis, i.e., the NPs obtained, should be reproducible and must 
satisfy high standards before to be subjected to clinical trials 
and commercialized [206].

New systems to improve the drug delivery in particular 
have been tested and clinically approved either by the Food 
and Drug Administration (FDA) or the European Medicines 
Agency (EMA) in the last years.

Focusing on the anticancer therapy, in 1995 the FDA 
approved Doxil, composed by PEGylated liposomal doxoru-
bicin, able to improve the doxorubin bioavailability. Several 
other liposomal formulations with the aim to increment the 
drug delivery have been developed, with the exception of 
Abraxane, that is composed by albumin‐bound paclitaxel 
NPs. Apart from the delivery of conventional drugs, a simi-
lar strategy was also implemented for gene therapy for the 
treatment of several pathologies, and several clinical trials 
are ongoing [208].

There are some investigations about the involvement of 
remotely activated NPs as imaging tool or for cancer cell 
killing; however, very few of them involve NPs without the 
addition of drugs.

In the context of imaging, iron oxide NPs in particular 
have been largely employed as contrast agent for MRI. 
These NPs indeed are able to easily penetrate into tumor 
cells thanks to the EPR effect leading the direct monitoring 
of cancer cells. Different technologies involving these NPs 
as imaging tool are nowadays under investigation [27, 206, 
208]. A slightly different nanoconstruct, constituted by silica 
NPs delivering a NIR fluorophore and an iodine radiolabeled 
targeting peptide, is under trial for the imaging of tumors 
and metastasis. Other micro/nanosized tools, generally based 
on microbubbles encapsulated in lipids or HSA, have oth-
erwise been adopted as US contrast agent to increment the 
echogenicity of the tissue [208].

Focusing of remotely activated NPs for cancer cell 
killing, there are some proposals under investigation, as 
reported in Table  1. Very recently hafnium oxide NPs 
with a negatively charged phosphate coating (NBTXR3/
Hensify) produced by Nanobiotix were approved as radia-
tion therapy enhancers in the treatment of soft-tissue sar-
coma because of their capability to specifically amplify the 
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radiation effects [39, 208]. The number of clinical trials 
concerning its involvement in the treatment of other can-
cers, evaluating different administration routes, and even 
a possible combination with immunotherapy has grown in 
the last years, and now include the treatment of head and 
neck cancer (NCT01946867, NCT02901483), liver cancer 
(NCT02721056), prostate cancer (NCT02805894), various 
kind of metastases (NCT03589339), soft tissue sarcoma 
(NCT02379845), rectal cancer (NCT02465593), pancre-
atic cancer (NCT04484909), lung non-small cell carcinoma 
(NCT04505267) [208].

Another example is represented by pegylated silica gold 
nanoshells, that have been proposed, but not yet approved, in 
combination with NIR (AuroLase therapy-Nanospectra Bio-
science) for the treatment of prostate cancer (NCT02680535) 
[209], primary and metastatic lung tumors (NCT01679470), 
head and neck tumor (NCT00848042). The nanosystem pro-
posed indeed is able to accumulate in the tumor area, where 
causes thermal ablation upon a NIR irradiation. They have 
demonstrated to possess a low long-term toxicity, and their 
activation through an MRI/US guided laser irradiation is 
under evaluation (NCT04240639) [210].

Iron oxide NPs (Magnablate) have also been proposed to 
achieve thermal ablation under a MF stimulation in prostate 
cancer. These magnetic NPs can precisely accumulate into 
the target region through a direct injection and generate heat 
when a MF is applied. Additionally, the eventual extravasa-
tion of the NPs has to be non-toxic for the neighboring tis-
sues. The aim of the clinical trial NCT02033447 is to test 
the localization of the NPs in patients prior to the surgical 

removal of the prostate without heating. However, the results 
of such trial are still unknown [27, 208].

There are other proposals involving nanosystems remotely 
activated by an external input, e.g., thermoresponsive 
liposomes, but the therapeutic agent is represented by a drug 
and has been revised elsewhere [27, 208].

9  Conclusions

Cancer nanomedicine represents a promising strategy to 
achieve the complete tumor remission overcoming the 
limitations of the conventional anticancer approaches. To 
further improve the therapeutic outcomes, an innovative 
strategy consists in the adoption of NPs remotely activated 
through an external physical stimulation to trigger cancer 
cell death. Both the components involved, actually the 
NPs and the stimulation, are administrated in a non-toxic 
dose, and only in the tumor area they work synergistically 
maximizing the therapeutic efficacy and reducing the side 
effects for the adjacent healthy tissues.

Several possible combinations have nowadays been pro-
posed, employing NPs constituted by a single material or 
hybrid tools, activated by one or more external physical 
inputs for therapy and/or diagnosis. This synergism is able 
to trigger NPs toxicity, and moreover NPs could contrib-
ute in several ways to improve the efficacy of the physi-
cal input, releasing other forms of energy (e.g., heat), and 
often contributing to improve its focalization. NPs besides 
protect healthy tissues, helping to focalize the therapeutic 

Table 1  Clinical trials involving remotely triggered NPs for cancer cell death. Adapted from Ref. [208]

Name (company) NP type Stimulus Disease Clinical trial number and status

NBTXR3
PEP503
(Nanobiotix)

Hafnium oxide NPs Radiation therapy Solid primary tumors or metastasis NCT01433068: completed
NCT01946867: unknown
NCT02901483: recruiting
NCT02721056: unknown
NCT02805894: recruiting
NCT03589339: recruiting
NCT02379845: unknown
NCT02465593: recruiting
NCT04484909: recruiting
NCT04505267: not yet recruiting

AuroLase
(nanospectra biosciences)

PEG-coated silica 
gold nanoshells

Near-infrared light Solid primary and/or metastatic 
tumors

NCT01679470: terminated
NCT02680535: active, not recruiting
NCT00848042: completed
NCT04240639: recruiting

Magnablate Iron oxide NPs Magnetic field Prostate cancer NCT02033447: completed
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action only in the tumor area, where they actively contrib-
ute to maximize tumor ablation, and sometimes directly 
protecting the tissues surrounding the area of interest.

Anyway, as presented in the previous section about the 
clinical trials involving remotely activated NPs, only few 
of the proposals have reached the clinical phase. It has 
to be pointed out that we have considered only the cases 
where the therapeutic agent is represented by a NP trig-
gering cell toxicity in synergy with a physical stimulation, 
thus without the involvement of other factors (i.e., drugs). 
Additionally, from Table 1 it is clear that the clinical tri-
als actually available are related to only one stimulation 
per NP type.

This issue could be overcome by paying close attention 
to the following challenges that need to be approached in 
a multidisciplinary way. (1) The NP synthesis is strictly 
important to determine NPs features, it has to be scalable for 
the industrial production and reproducible. (2) A careful 
control over the physical, chemical properties of the NPs, as 
well as the evaluation of their behavior in different biological 
fluids is necessary, because these factors can dramatically 
tailor the therapeutic outcome. (3) It is mandatory to evalu-
ate the NPs selectivity toward cancer cells with respect to 
the healthy ones. (4) The working mechanism of the synergy 
is a key parameter to understand how the therapy works and 
it could be ameliorated. (5) The passage from in vitro to 
in vivo is crucial to evaluate NPs fate in the body and the 
effectiveness of the therapy, and even the models should be 
carefully chosen with a scrupulous study-design.

Besides, the passage from research to clinic and indus-
try appears to be nowadays still challenging and limited 
to few cases, even if there is a large number of possible 
combinations between physical stimulations and NPs that 
demonstrated an increased cytotoxic potential in vitro and 
in vivo. Therefore, many future efforts are needed to bring 
the excellent results of the research reported so far to a real 
application.
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