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Abstract
                         

Despite its undoubted potential, recent studies have began to highlight the complex processes 
of photothermal therapy. In this perspective, we tackle several issues that affect current research 
on photothermal therapy, such as the influence of other factors produced in the process, for 
instance reactive oxygen species or vapor nanobubbles. After focusing on several of the aspects of 
photothermal therapy that need further clarification, we step back and see this therapy from a wider 
angle in order to identify its weaknesses. Finally, we briefly summarize what we consider should be 
the orientation and key focus of future researches in order to establish the full potential of this rapidly 
advancing and promising therapy.

Keywords: Plasmonic nanoparticles; Photothermal therapy; Near infra-red; Therapeutic window; 
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In t roduct ion:  Hyper thermia , 
Nowadays

Photo-thermal Therapy (PTT) is a clinical approach 
that has been developed extensively over the last few 
decades as an alternative or complementary approach 
to address certain pathological conditions such as 
cancer. Combined with nanoparticles, it represents a 
relatively novel and attractive tool that has grabbed 
the attention of both researchers and clinicians [1, 2]. 
It consists of the use of nanoparticles with the ultimate 
goal to specifically localize in the diseased area, which 
upon illumination with a laser are able to convert the 
incoming light into heat which ultimately induce cell 
death of the affected area [3], similar to a nanometric 
scalpel. One of the principle advantages of this 
approach is that the laser wavelength can be tuned to a 
range in which the absorption by biological structures 
is minimal, mainly within the near infra-red (NIR) 
range, the so called “therapeutic window” [4]; it goes 
without saying that for that purpose the nanoparticles 
need to be engineered to absorb irradiation at those 
wavelengths, and thus generate heat upon irradiation. 
In addition, the biodistribution and subcellular location 
are issues that must be deeply understood to prevent 
the nanoparticles to locate in an unspecific manner.

This technique, referred to as nanoparticle-mediated 
Photothermal therapy (NP-PTT), is a trending topic in 
the last years where numerous scientific publications 
have explored the possibilities of this new therapy, 
with special focus on the treatment of cancer. In such 
anti-cancer applications, the NP-PTT can be used 
as a treatment by itself or in combination with other 
techniques or therapeutic approaches in order to obtain 
adventitious synergistic effects. A clear example is in 
multi-drug resistance of tumors towards traditional 
treatments, nowadays considered as one of the major 
challenges for chemotherapy. Approaches using 

multi-functional nanoparticles are amongst the most 
important methodologies to address this issue [3]; 
however, there are still many questions that must be 
answered.

The enormous possibilities that this apparently 
simple concept has is reflected by the number of 
works published each year. Various types of starting 
materials have being used in order to synthesize the 
nanoparticles: gold, carbon, copper, molybdenum, 
tungsten, iron, palladium and conjugated polymers 
[1], both individually or combined. Among all 
those materials used, by far the most popular is 
gold, thanks to its straightforward synthesis, ease of 
functionalization, optical properties and low toxicity [3, 
5]. Carbon-based nanomaterials also represent a strong 
branch of research thanks to its structural versatility, 
allowing to create configurations with unique optical 
properties such as carbon nanotubes and nanographene 
oxide [1], among others [5]. In addition, there have 
been many attempts of alternative approaches by 
combining PTT with other techniques like drug 
delivery [3, 6, 7], photodynamic therapy [3, 8], 
optoacoustic imaging [9, 10] and immunotherapy [11] 
among others. Many of the aforementioned techniques 
have being tested in vivo, revealing promising results 
and a low toxicity profile. However, despite all these 
efforts, only a few designs have reached pre-clinical 
trials, and their true therapeutic capability is yet to 
be revealed [1]. In summary, this promising therapy, 
despite its potential and very many applications in 
health, still requires a great deal of fundamental 
research to address certain issues that are still not fully 
understood.

You Cannot Hit What You Cannot 
See: Understanding PTT

All in all, the amount of effort seems to be focused 
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in the development of different approaches to the 
same problem, instead of understanding the problem 
in detail. There are very few publications performing 
a meticulous study on how the different tissues react 
towards the presence of the nanosystems while being 
irradiated, other than their in vitro and in vivo toxicity; 
not to mention the lack of studies trying to elucidate 
the metabolic and signaling pathways that occur inside 
a cell during and after it is exposed to such unusual 
conditions of laser irradiation. It must be acknowledged 
that the way the cell reacts to the irradiation determines 
its fate, which can occur via a programmed apoptotic 
pathway, or towards the necrotic cell death mechanism, 
with all its pro-inflammatory consequences.

Besides, the way the nanoparticles react to the 
laser illumination is still not clear. Apart from the 
heat produced by their plasmonic oscillations, there 
are some studies that suggest that there are other 
processes involved, like the apparition of more 
unpredictable reactive oxygen species (ROS) [8, 12, 
13] as a result of the interaction of the nanomaterials 
with the incoming irradiation. ROS are highly reactive 
radicals (e.g. hydroxide, superoxide and singlet 
oxygen) naturally present in cells, produced primarily 
in the mitochondria, and also generated by external 
factors, such as incoming irradiation. If raised higher 
than basal levels, ROS are able to disrupt biological 
functions by altering proteins, biological membranes 
and nucleic acids, and thus induce off-target cell 
death in an uncontrolled manner [12]. ROS levels can 
increase during heat generation and PTT [12, 13], 
arising in unpredictable outcomes that may undermine 
the accuracy offered by this therapeutic approach. 
Minai and coworkers were amongst the first to 
publish a thorough study of the processes that induce 
ROS during PTT [13]. Other studies have described 
certain phenomena derived from the local heat at the 
proximity of the nanoparticles which temperature is 
much higher than the rest of the media, like the case of 
vapor nanobubbles (VNB) [14]. In this study, Xiong 
and co-workers mentioned that VNB had almost no 
heat transmission, and thus the disruption that they 
cause is due to a mechanical process that can alter the 
surroundings of the media where the nanoparticles are 
located. All these recently described by-products and 
uncontrolled effects derived from PTT not only reveal 
that this promising treatment is much more complex 
than what previously thought, but also that irradiation 
has a certain degree of unpredictability.

Although it is true that under heating conditions 

cell stress can ultimately derive on death, this is not 
the only concern. One important factor of the above-
mentioned unpredictability lies on the arduous control 
of the retention of nanoparticles inside a specific 
organelle, or the difficulty to generate a controlled 
diffusion of the nanostructures across the entire cell. 
At first glance it may seem that the heat generated 
can be retained in a single cell compartment at lower 
intensities or, if the irradiation is increased, it can 
literally “melt” the biological membranes [2], starting 
the diffusion of the nanoparticles throughout the cell 
[15] (Fig. 1). Following this statement, one could think 
that the control of this process could be addressed in 
a relatively straightforward way as long as the heat 
produced is the only actor, which unfortunately seems 
not to be the case.

It is well accepted that, apart from other effects, both 
ROS and temperature increase are able to facilitate 
the rupture or fluidity of the cellular membranes2, 
facilitating the entrance of the nanostructures through 
the various cellular compartments or the translocation 
of the media contained inside the organelle where 
the nanoparticles are located to the cytoplasm (i.e. 
lysosomes, mitochondria…) [16]. In addition, there 
are other factors involved. There have been alternative 
explanations as to how the nanoparticles are able to 
negotiate biological membranes, like the study by 
Xiong et al. [14] describing the formation of VNB 
while irradiating gold nanoparticles with a 561 nm 
pulsed laser, which may disrupt the membrane and 
aid the passage of the nanostructures as a result of 
the pores generated by the VNBs. All these studies 
disclosed the enormous complexity that lies behind 
PTT.

Light at the End of the Tunnel: 
Research Advances

These recent finding represent new challenges 
for the field and highlight the significant potential of 
nanoparticle-assisted PTT. There is some research, 
that has shed light on the series of cellular level 
events that occur when nanoparticles localized inside 
specific subcellular compartments react to incoming 
laser irradiation. What is more, the high specificity 
of some of these nanoplatforms also grants us with a 
new tool to further understand the function of certain 
subcellular components and signaling routes, and how 
they influence the fate of exposed cells during PTT. 
In a recent publication, Perez-Hernández et al. [15] 
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were able to specifically induce the apoptotic cell 
death pathway following PTT using gold nanoprisms 
localized inside the lysosomes by studying several of 
the steps involved in this complex signaling pathway. 
They concluded that the death of the cells was mainly 
mediated by the mitochondrial signaling pathway of 
apoptosis, hypothesizing that its activation might come 
from the cleavage of Bid, a pro-apoptotic protein, by 
the enzymes released from the lysosome where the 
nanoparticles are localized.

In addition, a recent study by Aioub and co-workers 
[12] addressed the issue of the unspecific detrimental 
effects of ROS derived from PTT. In this study, they 
synthesized gold nanorods as PTT agents which tips 
were covered with a platinum shell (PtAuNRs) in an 
attempt to decrease the ROS generated during the 
irradiation of the nanoparticles, following the idea 
that Pt is able to scavenge the ROS generated during 
PTT. They compared the above-mentioned PtAuNRs 
with standard gold nanorods (AuNRs), allowing them 
to distinguish between the effects of conventional 
PTT (mediated by AuNRs) and a variation of PTT 
mediated by a ROS-free action (PtAuNRs). The results 
were quite clarifying: although AuNRs have a lower 
heating capability than PtAuNRs, the unprotected 
gold nanoparticles revealed a higher killing capability, 
probably caused by the higher levels of ROS measured 

during the irradiation (Fig. 2). These examples show 
the increasing interest of the scientific community in 
starting moving towards the full understanding of PTT.

Finally, Xiong et al. [14] even suggested the 
possibility to use the VNB they described in order to 
tune the size of the pores generated on the membrane 
by changing the intensity of the incoming irradiation. 
This would allow utilizing a differential diffusion of 
the target molecules depending on their size. This 
process may open a wide range of possibilities to be 
applied in both drug delivery or to see if the release of 
the content of certain organelles is altering the normal 
cell functions, which has already being suggested in 
the past [15].

Conclusion: What Needs to be 
Done?

Nanoparticle-mediated PTT is far from simple. It 
goes without saying that many of the processes that 
occur during this kind of therapy are still outside our 
current understanding. It is crucial to independently 
understand the factors that play a role in PTT before 
we can deal with such a complex technique. Although 
there are a few research lines trying to shed light into 
the processes independently, there is still much more 

Fig. 1 Localization of NPRs in MEF cells by TEM. Cells were incubated with glucose modified gold nanoprisms (NPRs) overnight 
and irradiated by a 1064 nm laser. Cells were then fixed with glutaraldehyde 1 h and 5 h after irradiation and prepared for inspection 
with TEM. Control experiments show NPRs within the lysosomes. One hour after irradiation NPRs can still be observed in the 
lysosomes (green arrows), but there is a clear presence of the particles in the cytosol (violet arrows). Five hours after irradiation very 
few NPRs remain in the lysosomes and can be observed embedded within the plasma membrane. (a) Control cells. (b) Control cells 
without irradiation. N: nucleus. M: mitochondria. L: lysosome. Adapted with permission from Pérez-Hernández et al. [15]. Copyright 
© 2014 American Chemical Society.
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to deal with before PTT can be applied safely and 
effectively in patients.

One  fac tor  i s  the  ce l lu la r  loca t ion  of  the 
nanoparticles. The final outcome of the therapy might 
radically differ if the nanoparticles are located in the 
interstitial space of the tissue, attached to the plasmatic 
membrane, or internalized by the cell. Similarly, the 
effects might change drastically depending on the 
subcellular location where the nanoparticles would 
accumulate more. This complexity can only grow 
if during PTT the membrane of the organelle is 
compromised and its content is released. In addition, 
by knowing the different effects that are produced in 
the different organelles it may theoretically be possible 
to determine where the nanoparticles are at any given 
time, as one can distinguish between the different 
outcomes depending on the subcellular location.

Furthermore, the signaling or metabolic pathways 
and processes involved during the treatment are key 
aspects that, depending on this subcellular location, 
can influence the way the cell reacts to PTT. Different 
pathways happen in different subcellular locations, 
and several steps of one single pathway can occur in 
a different location from one another. A clear example 
is the different steps of apoptosis, which can occur in 
a number of subcellular locations from the plasmatic 
membrane, cytoplasm and mitochondria, and that can 
be influenced by alterations in other organelles, like 
lysosomes [15]. This issue just grows more complex 

when the nanoparticles are able to locate in different 
organelles at the same time, before, during or after 
laser irradiation.

Last, but not least, recent research studies have 
revealed that PTT is much more than mere heating. It 
is important to understand the effect of the different 
physicochemical events that occur during PTT in 
order to prevent undesired effects and/or increase 
the effectiveness of the treatment. The levels of 
ROS within the cell can raise either directly caused 
by irradiation, or indirectly caused by the cell stress 
mediated by the heat generated [13]. Depending on the 
nature of the nanoparticle, ROS levels can also rise as a 
consequence of the release of certain compounds from 
the nanoparticles themselves during the irradiation [8, 
14]. Other effects, like the generation of VNB can also 
affect the results of the therapy and, if not addressed 
properly, add another variable to an already complex 
equation.

To sum up, the full understanding of the heating 
conditions will allow the treatments to be progressively 
more precise, effective, and less detrimental to the 
potential patients. It will ultimately provide us with 
the ability to choose the best therapeutic design 
by adjusting the irradiation conditions, subcellular 
location, dosages, and processes involved. The answer 
to these questions will eventually strengthen the 
foundations in many approaches like the understanding 
of a number of biological processes, the better use of 

Fig. 2 (a) Temperature increase induced by PPT heating of cell-free nanorod solutions (all samples with same absorptivity) upon 
irradiation with 808 nm laser. Platinum-covered gold nanorods (PtAuNRs) at two different amounts of platinum (blue and red) show 
the largest temperature increase, higher than standard unprotected AuNRs (yellow). (b) In vitro levels of ROS in cell media before (0 
min) and after (1 min) PPT heating. After heating, medium from AuNR-treated cells show significantly higher ROS levels due to heat 
stress. PtAuNRs do not show significant increases in ROS levels, indicating that the reactive species are reduced before cell damage 
can occur. Statistical significance (p < 0.05) is indicated by an asterisk. Adapted with permission from Aioub et al. [12]. Copyright © 
2016 American Chemical Society.
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multi-modal combined therapies, or a more controlled 
drug delivery.
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