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The current status of the use of nanoparticles for photothermal treatments is reviewed in detail. The 
different families of heating nanoparticles are described paying special attention to the physical 
mechanisms at the root of the light-to-heat conversion processes. The heating efficiencies and spectral 
working ranges are listed and compared.  The most important results obtained in both in vivo and in vitro 
nanoparticle assisted photo thermal treatments are summarized. The advantages and disadvantages of the 10 

different heating nanoparticles are discussed. 

A. Introduction 

A.I. Temperature and health: Thermal therapies 

     Thermal treatments are based on driving a part or the whole 
body above their normal temperature for a defined period of time. 15 

It is well known that temperature is one of the most important 
parameters determining the dynamics and viability of biological 
systems ranging from the simplest (cells) to the most 
sophisticated ones (tissues and organisms).1-5 In the case of 
humans, any temperature increment above the normal body 20 

temperature (circa 37 ºC) is usually regarded as a negative sign as 
it could indicate the presence of disease (fever) and also because 
it could lead to irreversible damage and even to fatal organ 
failure.6-8 Nevertheless, contrary to general thinking, controlled 
temperature increments could have positive effects in patients 25 

with an ongoing disease, such as cancer. 4, 9 The beneficial effects 
of thermal therapy in the treatment of cancer were first observed 
in the 19th century. At that time, it was observed that the 
administration of living bacteria to cancer patients could cause a 
partial tumor regression. This positive effect was only observed 30 

when the bacteria caused an infection in the patient, thus leading 
to the appearance of fever.10, 11 Almost simultaneously with this 
pioneering work, successful treatment of uterine cervix cancer 
was achieved when treated with circulating heat water.7, 11 
However, the heating methods and temperature measuring 35 

technologies were not sufficiently advanced at that time, so the 
success and reproducibility of such treatments were reduced. As a 
consequence, the clinical application of these therapies was not 
accomplished.  
The interest on thermal treatments was reactivated in the 1980s, 40 

when different institutes and societies focused on the 
understanding and development of novel thermal therapies were 
started.12 In the recent decades, the publication of several 
scientific reports that demonstrated substantial improvements in 
cancer treatment outcomes by using thermal treatments led to a 45 

renewed interest in thermal therapy.4, 13-16 For the last few years, a 
great effort has been put not only in the development of novel 

techniques for controlled and localized heating but also in the 
understanding of the mechanisms at the basis of temperature-
induced cell killing and modification.1, 17, 18 Despite the large 50 

number of works published on these phenomena, this is a 
controversial issue that is still far from being fully understood. In 
any case, what has been clearly stated and demonstrated is that 
the effect caused by a temperature rise on a given bio-system 
cannot be completely understood by just considering the effect of 55 

temperature increment on individual cells. This is mostly because 
the thermal effects produced in the tissues surrounding the target 
(tumor in cancer treatments) also play a relevant role, known as 
host effects.11 These effects (related to temperature-induced 
changes in tissue elasticity and blood flow rate) are difficult to 60 

predict and are generally considered to be of second order.19, 20 It 
is widely assumed that the efficacy of a thermal treatment is 
given by two main factors: the magnitude of the temperature 
increment and the duration of the treatment.11, 21 Indeed, the 
temperature-induced changes caused at the cellular level are 65 

unequivocally determined by the intensity and duration of the 
temperature increment.22 Depending on the magnitude of the 
induced temperature increment, thermal treatments and related 
effects of cancerous tumors can be classified as follows (see 
Figure 1):3 70 

- Irreversible injury treatments.23-27 These treatments are 
carried out by increasing tumor temperature above 48ºC 
during a period of time exceeding a few minutes. In this 
case, a drastic activation of cell death is achieved as a 
consequence of coagulative necrosis processes. The effect 75 

of temperature is therefore considered as drastic and non-

reversible. These treatments are regarded to be highly 
efficient but, since cell death activation at such high 
temperatures is not only taking place in cancer cells but 
also in healthy ones, these treatments lack selectivity and 80 

so they are accompanied by relevant collateral damage to 
adjacent tissue.28 Irreversible thermal treatments  have 
clinical applications beyond cancer treatment, being also 
used in other fields such as urology29 (for benign prostatic 
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hyperplasia treatment) and in cardiology for heart 
stimulation.30 Above 60ºC, an almost instantaneous and 
irreversible protein denaturation is instantaneously 
caused. For even larger temperatures (above 80 ºC) tissue 
explosion and removal is produced  due, among other 5 

reasons, to water vaporization. In this case it is said that 
tissue ablation is taking place.31, 32     

- Hyperthermia treatments.13, 14 These thermal treatments 
consist in setting the temperature of a tumor within the  
41-48ºC temperature range (the so-called clinically 10 

relevant temperature range).33 Hyperthermia treatments 
are usually applied in combination with other cancer 
treatments, such as radiation therapy or chemotherapy, 
whose efficacy is increased when applied after a 
hyperthermia cycle.4, 11, 34 The biological processes at the 15 

basis of hyperthermia treatments are still far from being 
completely understood. In the 41-48 ºC temperature 
range, several process of relevance at the cellular level are 
simultaneously activated. On one hand, it is well known 
that when cellular temperature exceeds 39 ºC, protein 20 

denaturation starts.35, 36 As a result of denaturation, 
proteins are prone to aggregation and the subsequent 
aggregates can have destructive consequences in the cell 
dynamics and survival rates. The induction of cellular 
temperatures above 41 ºC not only causes protein 25 

denaturation but also temporary cell inactivation that 
could last for several hours. The response of the cells 
exposed to high temperatures depend both on the duration 
of the exposure and the magnitude of the temperature. 
Slightly lower temperatures (40 ºC) cause cell 30 

inactivation in a process that lasts for several hours. 
Beyond that time, the surviving cells appear resistant to 
further exposure to such temperatures due to the creation 
of a temporary resistance to heat (the so called thermo-

tolerance).37 Application of slightly higher temperatures 35 

(41-42 ºC) for a very prolonged time (several hours), 
would cause this transient thermo-tolerance (traditionally 
related to the synthesis of heat-shock proteins) to be 
overcome. “Severe” hyperthermia treatments (43-45 ºC) 
cause long term cell inactivation.33, 38, 39 In this 40 

temperature range, the rate of biochemical reactions is 
significantly increased and this leads to the appearance of 
oxidative stress due to the increment of the intracellular 
density of reactive oxygen species.33 These species can 
cause oxidative damage to proteins, lipids and nucleic 45 

acids. Indeed, successful tumor treatment in rabbits in this 
temperature range has been found to be accompanied by 
an increase in lipid peroxidation.40 The basis of 
hyperthermia is that the appearance of cell thermo-
tolerance is, in some cases, accompanied by a 50 

modification of the cellular response to some drugs or an 
increase in their sensitivity to X-ray irradiation. Generally 
speaking, moderate hyperthermia seems to be adequate 
for reducing cell resistance against radiation.41 It is widely 
assumed that this kind of treatments could lead to protein 55 

denaturation and aggregation while keeping the 
production of heat shock proteins at a minimum. Finally, 
there are reports about a “suppressive hyperthermia” (45-

48 ºC), that produces rapid necrotic cell death in cancer 
cells that are resistant to standard hyperthermia (not 60 

induced by nanoparticles).1, 15, 42, 43       
- Diathermia treatments.44, 45 These are based on heating 

processes up to 41°C. In this case, temperature does not 
induce relevant modifications at the cellular level. 
However, these soft to moderate heating treatments have 65 

beneficial health effects that are associated to different 
processes, such as increment in blood flow and ion 
diffusion rate across cellular membranes. In addition, 
some tissues (such as tendons) can be stretched more 
easily when they are subjected to moderate heating,46 thus 70 

favoring muscle relaxation and pain relief. Because of all 
these effects, diathermia treatments are mainly applied in 
physiotherapy, sometimes in combination with electrical 
currents.  

  75 

Fig. 1 Schematic diagram of the variety of effects caused by the different 
thermal treatments as classified by the corresponding operating 
temperature.   

In addition to the above described temperature-induced 
modifications at cellular level, moderate hyperthermia treatments 80 

are also known to induce several physiological changes, 
including oxygenation, pH variation and blood flow.47 It is 
widely assumed that the benefits of hyperthermia can be partially 
related to the fact that tumor tissues are poorly vascularized.48 
Tumor cells located well inside the tumor are relatively resistant 85 

to chemotherapy due to the poor drug delivery efficiency and also 
because some drugs need oxygen to cause cell cytotoxicity.49 
Increasing the tumor temperature would lead to a larger intra-
tumor blood flow and, thus, to an improving of the 
chemotherapy. Another consequence of the temperature-induced 90 

increased blood flow inside tumors is an improved oxygenation, 
which is believed to make tumors more sensitive to radiation and 
to certain anticancer drugs.50 Finally, blood flow increase also 
enhances the migration of immune cells to targets, which would 
allow for a better control of tumor burden.51-53 95 

A.II. Conventional thermal treatment techniques 

    For the purpose of cancer treatment, hyperthermia (HT) is 
nowadays attracting much attention from the scientific 
community, as the corresponding temperature range seems to be 
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assumed as the optimum one.11, 12  When compared to traditional 
techniques for tumor destruction, such as surgery (which is 
limited to tumors that are surgically accessible) and 
chemotherapy or radiation therapy (which present a number of 
significant collateral negative effects),54-56 HT therapies seem to 5 

be much less invasive. Moderate HT (41-42 ºC) is not considered 
as a complete therapy in itself since tumor destruction requires 
combination with other techniques. Indeed, the role of HT is to 
increase the efficacy of traditional treatments, reducing their 
negative side effects. 4, 57 10 

    For the purpose of thermal treatment of tumors (based either on 
thermal ablation or hyperthermia), it is necessary to induce a well 
localized heating, so that a significant temperature increase is 
achieved in the tumor, while keeping the temperature of the 
surrounding tissue at a normal level.11, 12, 24 Producing well 15 

defined “hot regions” is far from being an easy task. 
Traditionally, external heating of superficial tumors has been 
achieved by using superficial applicators (RF, microwave or 
ultrasound) in different modalities (waveguide, spiral, current 
sheet) that are allocated on the surface of the tumor.4, 58, 59 The 20 

absorption of the incident radiation by the tumor causes a 
temperature increment whose magnitude is strongly dependent on 
different properties of the tumor, such as its surface 
characteristics or the water content inside it.60 In general, 
radiation reaches tumors located at few (3-4) centimeters below 25 

the skin, this fact limiting the therapeutic depth of these 
treatments.61 For non-superficial tumors, the heating apparatus 
are more sophisticated and vary depending on whether the tumor 
is located close to a body cavity or not.62 In the former case, local 
heating could be achieved by inserting thin and flexible 30 

electrodes through natural apertures, allowing for direct heating 
of the tumor.63 For interstitial tumors (deep tumors that are not 
located close to a body cavity), well localized HT requires the 
use, in combination to local anesthesia, of thin antennas that are 
inserted very close to the tumor to be treated.64, 65 Depending on 35 

the tumor location and size, this process could require the 
additional use of real time imaging techniques such as ultrasound 
imaging. Once the antennas have been placed close to the tumor, 
remote heating is induced by delivering electro-magnetic 
radiation (radiofrequency or micro waves).66, 67 In the case of 40 

relatively large tumors, the reduced penetration depth of 
electromagnetic radiation may lead to a nonhomogeneous 
temperature distribution inside the tumor, which would only be 
significantly high in the regions closest to the antennas. In such 
cases, homogeneous heating could be achieved by simultaneous 45 

insertion of multiple antennas in the tumor surroundings.68, 69  

A.III. Nanotechnology based thermal therapies 

 Nanotechnology is currently proposing alternative techniques for 
remote and localized heating that are based on the development 
and bioincorporation of heating nanoparticles (hereafter 50 

HNPs).70-72 These nanoparticles combine four properties: (i) They 
are smaller than 100 nm, so that these small sizes allow for long 
circulating times in the bloodstream and enable effective 
nanoparticle incorporation into cells, (ii) They are dispersible in 
biocompatible liquids, so that they can be easily injected into 55 

organisms, (iii) In absence of any external stimulus,  they should 
present minimum adverse effects on the normal behavior of the 
host biosystem and (iv) They should produce heat in an efficient 

manner when externally excited.  
 60 

Nanoparticles for magnetothermal therapy 

Nowadays, the most well-known and popular HNPs are those in 
which heating is induced by the application of oscillating 
magnetic fields (magnetic heating nanoparticles, M-HNPs).73-75 
Heat generation in M-HNPs under oscillating magnetic fields 65 

occurs as a consequence of different mechanisms, including 
hysteresis loss, Néel relaxation and Brown relaxation.74 The 
procedure to apply M-NPs based HT treatments is simple: These 
NPs are introduced into the tumor site either by direct injection or 
by targeted delivery. Then, an oscillating magnetic field is 70 

applied so that the magnetic nanoparticles interact with this field 
to generate heat through any of the already mentioned 
mechanism.76, 77 The proof of concept of HT treatments based on 
M-HNPs was provided in 1957 by Gilchrist et al. who 
demonstrated tissue heating by a 1.2 MHz magnetic field based 75 

on the presence of γ-Fe2O3 magnetic nanoparticles.78 This first 
demonstration motivated an intense research exploring treatment 
optimization through the study of different materials, magnetic 
field geometries, surface treatments and delivery procedures. As a 
consequence of such an intense research, in 2007 Jordan et al. 80 

reported the first clinical study of magnetic hyperthermia.79 In 
that work, authors demonstrated successful and safe treatment of 
brain tumors by using aminosilane-coated superparamagnetic iron 
oxide nanoparticles. M-HNPs are nowadays considered as a 
multi-functional platform for cancer therapy, since they can be 85 

used for simultaneous tumor heating and imaging.74, 77 This dual 
function is based on the ability of MNPs to produce a relevant 
enhancement in the proton relaxation of specific tissues, so they 
can be used as Magnetic Resonance Imaging (MRI) contrast 
agents. 80 90 

 
Fig. 2 Extinction coefficient of a representative tissue. The different 
effects leading to light attenuation (such as the presence of hemoglobin, 
water and optical scattering) have been indicated. The spectral extensions 
of the two biological windows are also indicated.  95 

Nanoparticles for photothermal therapies  

Despite the good results obtained so far by using M-HNPs, 
nanotechnology is also exploring other alternatives. In particular, 
the recent development of nanoparticles capable of efficient heat 
generation under illumination with laser radiation has attracted 100 

much attention for the last few years.81 The use of laser light-
induced hyperthermia/thermal ablation, i.e. photothermal therapy, 
has been traditionally considered as a non-reliable technique due 
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to the fact that human tissues show strong extinction coefficients 
in the visible range of the optical spectrum, this fact limiting 
photothermal treatments to superficial tumors.82, 83 In addition, 
laser light energy is expected to be absorbed by both healthy and 
cancerous tissues, which leads to both a reduction in the efficacy 5 

of heat delivery within the tumor and an increment in the non-
specific damage of the adjacent tissues. However, photothermal 
therapy is nowadays attracting considerable attention because of 
the possibility of controlling the incorporation of light-activated 
heating nanoparticles (L-HNPs) into tumors, allowing for high 10 

heat deposition in the tumor area at low laser light intensities and 
thus minimizing the damage in the surrounding healthy tissue.84, 

85 Further reduction of non-desired light absorption by healthy 
tissues can be achieved by using specific laser wavelengths lying 
in the so-called biological windows.86, 87 Biological windows can 15 

be defined as the spectral ranges where tissues become partially 
transparent due to a simultaneous reduction in both absorption 
and scattering. Figure 2 shows the extinction spectrum 
(accounting for both absorption and scattering spectra) of a 
typical human tissue. In a first order approximation, extinction of 20 

optical radiation into tissues is determined by the presence of 
absorption bands of constituents (such as water and hemoglobin) 
and by the scattering caused by natural tissue. The presence of 
several absorption bands is used to define two main biological 
windows (also shown in Figure 2): 25 

- The first biological window extends from 700 nm to 980 
nm and corresponds to the spectral range defined between 
the visible absorption band of hemoglobin and the 
characteristic 980 nm absorption band of water. In this 
spectral region, light absorption strongly vanishes but 30 

optical extinction still exists due to the presence of 
residual scattering, whose relevance decreases for longer 
wavelengths.  

- The second biological window86, 88 extends from 1000 nm 
to 1400 nm, both limits corresponding to water absorption 35 

bands. In this spectral window, optical absorption does 
not vanish completely (averaged water absorption 
coefficient is close to 0.5 cm-1) but, on the other hand, 
optical scattering is minimized (in respect to the first 
biological window) because of the longer wavelengths.   40 

The use of specific laser sources working in the biological 
windows for photothermal therapy does not only reduce the non-
selective heating of healthy tissue but, at the same time, allows 
for deep tissue treatments. Indeed, this is due to the longer optical 
penetration depth obtained from the simultaneous minimization 45 

of scattering and absorption processes.89 Working within any of 
these two biological windows would make possible to achieve the 
optical excitation of L-HNPs allocated in non-superficial tumors 
and, hence, the development of deep tissue HT treatments based 
on light-activated heating nanoparticles.16, 90, 91 Being realistic, 50 

the maximum optical penetration depth achievable in human 
tissues is within a few centimeters range.89 Nevertheless, 
nanoparticle-based photothermal treatment of deeper tumors is 
still achievable if an optical fiber delivery is used in combination 
with endoscopy techniques.92 In this case L-HNPs are 55 

incorporated into the tumor to be treated (by appropriate 
functionalization or by direct injection) and it is externally 
illuminated/heated by means of one or more fibers.          

In order to achieve nanoparticle-based selective and efficient 
photothermal therapies, the L-HNPs to be used must fulfill a 60 

number of requirements: 
- Large absorption cross sections for optical wavelengths 

within any of the two biological windows. This would 
ensure an efficient absorption of optical radiation and, in 
combination with large light-to-heat conversion 65 

efficiency, would make thermal therapy possible with 
low-power laser sources.93 

- Low toxicity. Toxicity of L-HNPs should only be 
activated in presence of optical radiation. L-HNPs should 
be non-toxic to both healthy and cancer cells. This is 70 

required to achieve a selective treatment with minimum 
side effects.94 

- Easy functionalization. This would also allow for highly 
selective treatments since tumor targeting would become 
possible.95, 96 75 

- Good solubility in biocompatible liquids. This would 
ensure long circulation times (half-lives) in the 
bloodstream and, consequently, easy access to cancer 
tumors even at low circulation flows.97-99 

Nowadays, and thanks to the continuous research on synthesis 80 

techniques, a large number of research groups are capable of 
large-scale nanoparticle synthesis with a high degree of control 
over the morphology and surface. Some of them satisfy all the 
requirements listed above and, hence, have already been used as 
L-HNPs.100, 101 They can be classified in different families: 85 

metallic nanoparticles,102 semiconductor nanocrystals,84 rare earth 
ions doped nanocrystals,103 carbon-based nanoparticles 104and 
organic nanoparticles.105 The morphology, heating mechanisms, 
efficiency and spectral ranges of operation greatly differ from one 
family to another. When designing a specific nanoparticle-based 90 

photothermal therapy, the particular L-HNP to be used depends 
on the nature and location of the tumor to be treated as well as on 
the laser source to be used. Of course, making the adequate 
choice among all the available L-HNPs requires a complete 
comparative study of all of them.  95 

The purpose of this work is to simplify this task by providing a 
complete review of all the L-HNPs available nowadays for 
photothermal therapies. We have mostly focused on the L-HNPs 
used to fight against cancer tumors. This review is divided in five 
Sections. In addition to this introductory section (Section A), 100 

Section B includes a general overview of the spectroscopic 
properties (determining the light-nanoparticle interaction). The 
different heating mechanisms, responsible of the light-to-heat 
conversion for each type of nanoparticle, are also described and 
explained. Section C provides a brief description of the synthesis 105 

procedures and morphologies of the different families of L-HNPs 
is provided. Section D includes several representative examples 
of the application of L-HNPs to both in vivo and in vitro thermal 
treatments. Finally, in Section E we have included a subjective 
analysis of the state of the art and some general ideas about the 110 

future challenges and perspectives of nanoparticle-based 
photothermal therapies.    

B. Spectroscopy and heating mechanisms 

In this section the light-matter interactions taking place in the 
different NPs capable of light-induced heating are reviewed and 115 

Page 4 of 35Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  5 

special attention is paid to the different mechanisms at the basis 
of the light-to-heat conversion processes. The understanding of 
these mechanisms is not only interesting from the fundamental 
point of view but is also essential when these nanoparticles are to 
be applied in real photothermal therapies. In particular, light-5 

matter interaction processes in heating nanoparticles would 
determine the spectral shape of the extinction coefficient. This, in 
turn, defines the operating spectral ranges of the different 
nanoparticles that vary largely from system to system, as can be 
observed in Figure 3. In this figure the first and second biological 10 

windows (I-BW and II-BW) have been indicated. It can be seen 
that most of the nanoheaters operate in the I-BW but only few of 
them (GNRs and CNTs) operate in the II-BW. At this point it 
should be mentioned that for photo-thermal therapies, the use of 
heating nano-particles working in the I-BW seems to be more 15 

advantageous than working in the II-BW. This is so because, I-
BW is characterized by a negligible absorption in such a way that 
the solely heating source would be the heating nanoparticles.60 
On the other hand, in the II-BW, water absorption does exist in 
all the range. For instance, water absorption coefficient at 1090 20 

nm is close to 0.3 cm-1. This absorption causes the appearance of 
background heating, and so the selectivity and efficiency of the 
photo-thermal therapy reduce, as it has been, indeed, 
experimentally corroborated during in vivo experiments.106 

 25 

 

Fig. 3 Schematic representation of the spectral operating ranges 
corresponding to the different heating nanoparticles under study in this 
review: gold nanospheres (GNSph), gold nanorods (GNRs) neodymium-
doped nanoparticles (Nd:NPs), carbon nanotubes (CNTs), organic 30 

nanoparticles (O:NPs) and gold nanostars (GNSs).  

When a nanoparticle is illuminated by a light beam,, some of the 
incident photons will be scattered by the nanoparticle while 
others will be absorbed. The absorbed photons are responsible for 
heat production and luminescence. These outgoing energy forms 35 

are schematically displayed in Figure 4. The total number of 
photons interacting with the NP is determined by its extinction 
coefficient (����). This is given by the sum of the absorption 
(����) and scattering (����) coefficients, in such a way that 
���� 	 ���� 
 ����. The extinction coefficient depends on the 40 

concentration (N) of illuminated NPs and on the so-called 
extinction cross section (���� 	 ���� 
 ����, where σabs and σsct 

denote the absorption and scattering cross sections, respectively.. 
The absorption efficiency, Φabs, of a given nanoparticle is 
traditionally defined as the number of absorbed photons divided 45 

by the total number of incident photons interacting with the 
nanoparticle (i.e. being either absorbed or scattered).  

 
Fig. 4 Schematic representation of the different processes activated when 
a light beam interacts with a nanoparticle. The presence of scattering, 50 

luminescence and heat generation are included. Heat and luminescence 
occur as a result of light absorption. 

The energy absorbed by the NP (energy of incident photons 
multiplied by the total number of absorbed photons) can be 
released by either the emission of photons of different energy 55 

(frequency) from that of incident photons (luminescence) or by 
the emission of phonons (i.e. by generating heat). Both processes 
are also schematically shown in Figure 4. For the purpose of 
efficient photothermal therapies, NPs with large absorption 
efficiencies and low luminescence quantum yields are required, 60 

since this will ensure a large light-to-heat conversion efficiency.  
In this section, the light-matter interaction processes activated 
when a nanoparticle is illuminated by a light beam will be 
described for the different heating nanoparticles under review in 
this work.  65 

  
Fig. 5 Normalized, to maximum, extinction coefficient of three aqueous 
solutions of spherical gold nanoparticles with diameters of 22, 48 and 99 
nm. Figure reproduced with permission from Reference 107. 107 
  70 

B.I. Metallic nanoparticles 

Heat produced by illuminated metals is a well-known effect 
largely observed in normal life. For bulk metals, this effect is 
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almost wavelength independent within the optical range and it 
does not depend on crystal size or shape. Nevertheless, when 
dealing with metallic nanoparticles, the situation becomes more 
complicated and, although light-induced heating is still present, 
heat generation becomes strongly dependent on both the 5 

illuminating wavelength and the nanoparticle size and geometry. 
Indeed, the optical properties of metallic nanoparticles are 
strongly influenced by size, shape and environment. To properly 
understand these effects, it is very illustrative to examine the 
extinction spectrum of spherical metal nanoparticles. Figure 5 10 

shows the room temperature extinction spectra of three aqueous 
solutions containing dispersed spherical gold nanoparticles of 
different diameters (22 nm, 48 nm and 99 nm).107, 108 It can be 
seen how the extinction peak shifts to the red as the nanoparticle 
size is increased. This effect, which allows for excitation 15 

tunability within the visible spectral region, is a clear evidence of 
the critical role played by size in determining the optical 
properties of metallic nanoparticles. Let us first focus our 
attention in the smallest gold nanoparticles (22 nm): their 
extinction spectrum is dominated by a broad band peaking at 20 

about 510 nm that confers the typical “red-purple” color to the 
aqueous solution of these small gold nanoparticles (see inset in 
Figure 5). This color is at variance with the familiar yellow color 
of bulk gold, caused by a reduction in the reflectivity with 
increasing wavelength in the visible spectrum. The 510 nm band 25 

is due to the so-called “surface plasmon resonance”. This 
resonance essentially occurs because the oscillating electric field 
of light forces surface free electrons in the metal to undergo a 
collective and coherent oscillation along the polarization 
direction of the electric field. Mie´s formalism solved the 30 

Maxwell´s equations for small spheres embedded in a medium 
and demonstrated that plasmon resonances appear at certain 
frequencies of the excitation light, depending on the dielectric 
constants of the metal and its surrounding medium and on the 
diameter of the spherical particles.109 This explained the 35 

extinction spectrum of metallic nanoparticles with characteristic 
dimensions up to about 20 nm and thereby the one observed in 
Figure 5 for the 22 nm diameter gold nanoparticles.110.  It is 
important to mention that the Mie theory is limited to diluted 
solutions, i.e. isolated non-interacting nanoparticles, which is the 40 

case for the majority of solutions used in biomedicine. However, 
metallic aggregates can occur for highly concentrated solutions. 
This aggregation drastically changes the optical properties as a 
result of inter-particle interaction, as extensively described by 
Ghosh et al.111 45 

Mie´s theory does not explain the optical properties of 
nanoparticles larger than about 20 nm  and so the red-shift of the 
surface plasmon resonance (extinction maximum) observed for 
the 48 nm and 99 nm nanoparticles  (Figure 5). For these 
“larger” gold nanospheres, the oscillating electric field of optical 50 

radiation cannot be assumed to be constant all along the 
nanoparticle and so it does not homogeneously polarize the 
nanoparticles. As a result, the dipole order approximation is no 
longer valid and higher multipolar orders must be considered. 
The resonance frequencies for these higher order modes peak at 55 

lower energies than that of the dipolar one and so the extinction 
spectrum is redshifted with increasing particle size, as observed 
in Figure 5.  

 
 60 

Fig. 6 Extinction cross section spectra (in arbitrary units) of: (a) gold 
nanorods with different aspect ratios, (b) core(silica)/shell(gold) 
nanoparticles with different shell thicknesses and (c) gold nanocages with 
different gold contents. Data for Figure (a) extracted from Reference 112. 
Figures (b) and (c) reproduced with permission from References 112 and 65 

113. 112, 113  
 
As mentioned in Section A, efficient and selective photothermal 
treatments require nanoparticles that can be optically excited with 
light lying in the biological windows; i.e. optically excited at 70 

wavelengths larger than 700 nm. Increasing the size of single 
metallic nanospheres (see Figure 5 for gold nanospheres) allows 
for surface plasmon tuning in the visible (up to 600 nm) but not 
in the NIR spectral range. Fortunately, this issue can be solved by 
using metallic nanoparticles with more complex geometries such 75 

as core(silica)-shell(gold) nanospheres (labeled as nanoshells), 
nanorods, nanocages and even nanostars (see Figure 6).  When 
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the shape of the metallic nanoparticle deviates from the highly 
symmetric spherical shape, the dynamics of plasmonic 
oscillations are strongly modified. The shape influence in the 
optical extinction of metallic nanoparticles can be explained by 
the so-called Gans model, which is a formal extension of the Mie 5 

theory and explains the extinction cross sections of dilute 
solutions of randomly oriented gold nanoparticles having 
ellipsoidal geometries. Despite the good results yielded by this 
model to describe and predict the optical properties of elliptic 
metallic nanoparticles, it cannot be applied to more complex 10 

geometries. To do that, advanced simulation methods (such as 
discrete dipole approximation, DDA) need to be used. Indeed, 
there are several works demonstrating how it is now possible to 
simulate the optical properties of metallic nanoparticles with 
almost any arbitrary geometry.114-116  15 

Among the different non-spherical metallic nanoparticles, gold 
nanorods (GNRs) have attracted a great deal of attention due to 
the large number of synthesis methods available, the high 
achievable monodispersity and the rational control over the 
aspect ratio, which is primarily responsible for the change in their 20 

optical properties. Figure 6(a) shows, as a relevant example, the 
extinction spectra of gold nanorods with different aspect ratios 
(length/width). First, it can be seen that for all nanorods the 
extinction spectrum splits into two main broad bands: a near 
infrared extinction band, which corresponds to longitudinal 25 

oscillations of electrons (longitudinal surface plasmons, i.e. 
electron oscillations along the longest dimension of the GNR) 
and a weak visible extinction band that is caused by the light-
induced transverse electronic oscillations (transverse surface 
plasmons, i.e. surface electron oscillations along the short 30 

dimension of the GNRs). It is important to notice that the 
extinction band corresponding to the longitudinal electronic 
oscillations is strongly red-shifted when the aspect ratio is 
increased. Thus, this plasmonic extinction band allows for 
spectral tunability into the biological window by simply changing 35 

the aspect ratio of GNRs. This makes GNRs particularly suitable 
for photothermal therapy. When illuminated with UV-visible 
radiation, GNRs generate a visible luminescence, which can also 
be generated by NIR multiphoton excitation. The origin of this 
luminescence is, at present time, not fully determined, although it 40 

is widely assumed that it results from the intrinsic luminescence 
of gold modulated by a local enhancement factor that depends on 
the size and shape of the gold nanoparticle. Visible luminescence 
of GNRs has been widely used for multiphoton fluorescence 
imaging of bio-systems. Despite its great utility for imaging 45 

purposes, it is undesirable for photothermal applications in which, 
ideally, all the energy absorbed by the nanoparticle from the 
incident radiation should be relaxed as heat and not as 
fluorescence. Nevertheless, previous works dealing with the 
fluorescence of gold nanoparticles have concluded that the 50 

fluorescence quantum yield is well below 1%, in such a way that 
it can be assumed that all the absorbed energy is transformed into 
heat. Under this assumption, the light-to-heat conversion 
efficiency would be determined by the relative contribution of the 
absorption cross section to the total extinction cross section. In 55 

this context, the heating efficiency (Φheat, defined as the fraction 
of extinct energy that is transformed into heat) of gold 
nanoparticles is given by the absorption efficiency (Φabs, fraction 

of extinction photons that are absorbed by the nanoparticle). 
Thus, for a gold nanoparticle, we can write: 60 

 
Φheat = Φabs = σabs / σext  (1) 

 

 
Fig. 7 Simulated extinction, absorption and scattering cross section 65 

spectra of: (a) gold nanorods (15 nm width and 45 nm length), (b) gold 
nanoshells (silica core of 60 nm in radius and gold shell 10 nm thick), (c) 
gold nanostars (32 nm effective radius and a total number of 6 tips) and 
(d) gold nanocages (5 nm thick walls and 50 nm edge length). Data 
extracted from References 92,116 and 117..    70 

According to (1) gold nanoparticles with σabs/σext ratios close to 
unity are desirable to obtain efficient photothermal therapies. The 
relative contribution of scattering and absorption processes to the 
net extinction cross section of gold nanorods is difficult to predict 
a priori and advanced simulation methods are required. Figure 7 75 

shows the calculated (based on DDA simulations) extinction, 
absorption and scattering cross sections of a gold nanorod with 45 
and 12 nm in length and width, respectively. These GNRs show 
the plasmon resonance close to 800 nm. This wavelength, has 
been shown to be optimal for nanoparticle based photothermal 80 

treatments, as it leads to minimum collateral heating.106 For this 
particular rod gold geometry and size, simulations predict an 
absorption efficiency close to 98% so that almost all the 800 nm 
photons interacting with the GNR are being absorbed. Indeed, 
this numerical prediction has been, experimentally corroborated 85 

by L.M. Maestro et al., who found a heating efficiency close to 
100% for GNRs by using quantum dot-based fluorescence 
thermometry. 117 According to the extensive work done by El-
Sayed´s group, GNRs usually show absorption efficiencies above 
90% except when the GNR radius exceeds 20 nm. 82, 107, 108, 112, 116 90 

For such “wide” GNRs, absorption efficiencies are predicted to 
decrease down to 60%. Interestingly, when the GNR width 
(diameter) is kept close to 15 nm, the heating efficiency remains 
above 90 %, independently of the GNR length (at least for 
lengths as large as 160 nm). The relevance of the GNRs geometry 95 

to determine their heating (absorption) efficiency is illustrated in 
Figure 8 (top), which shows the calculated absorption efficiency 
of GNRs with a fixed aspect ratio  (3.9) as a function of the 
effective radius (defined as reff = (3V/4π)1/3, where V is the GNR 
volume). It is evidenced that as the GNR volume is increased 100 

scattering becomes more relevant, and so the absorption 
efficiency decreases. Indeed, this was expected, since larger 
nanoparticles are expected to scatter light more efficiently. 

Page 7 of 35 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

8  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

According to numerical simulations it is possible to tailor GNRs 
in order to shift the plasmon resonance to the infrared (above 
1000 nm) while keeping the GNR radius at a minimum. As an 
example, GNRs with 15 nm in diameter and over 100 nm in 
length lead to a plasmon resonance above 1000 nm. Such high 5 

aspect ratio GNRs would be especially suitable for photothermal 
treatments in the second biological window (1000-1400 nm).   

 
Fig. 8 Top. Dependence of the absorption efficiency of GNRs as a 
function of their effective radius for a fixed aspect ratio (3.9). Bottom 10 

Dependence of the absorption efficiency of GNShs as a function of the 
total radius for a fixed core/shell ratio of 0.857. Data extracted from 
Reference 116.  

     Another representative example of gold nanoparticles with 
peak extinction cross sections within the biological windows are 15 

the core/shell structures, commonly denoted as nanoshells 
(GNShs). Figure 6 (b) shows the extinction cross section of gold 
GNShs constituted by a silica core (60 nm in diameter) 
surrounded by gold shells of different thicknesses (varying from 
5 up to 20 nm). In all the cases, a broad plasmonic extinction 20 

band is observed, which is shifted towards longer wavelengths as 
the gold shell thickness is reduced. Indeed, this behavior is in 
agreement with the calculations performed by Jain el al. who 
applied the Mie´s theory to calculate the extinction spectra of a 
variety of silica-Au nanoparticles with different R1 (core) and R2 25 

(shell) radii.116 They concluded that the spectral position of the 
plasmonic extinction band was expected to be strongly dependent 
on both the core/shell ratio (R1/R2) and total radius (Rtot=R1+R2). 
In fact, they predicted a spectral redshift of the plasmonic band 
from 650 up to 900 nm when increasing the core-shell ratio for a 30 

fixed nanoshell radius (R2=70 nm). In addition, the plasmonic 
band could even be shifted from 900 nm to 1100 nm, by 
increasing the nanoshell total radius Rtot while maintaining the 
core shell ratio (R1/R2=0.857) fixed. Therefore, GNShs allow for 
broad optical tunability within the biological spectral windows. 35 

Moreover, Jain et al. calculated the relative contribution of both 

scattering and absorption to the total extinction spectra. 116 A 
representative example is included in Figure 7(b) that includes 
the absorption, scattering and extinction cross section spectra (in 
arbitrary units) corresponding to a GNSh constituted by silica 40 

core 120 nm in diameter covered by a 5 nm thick gold shell. Such 
a GNSh has a plasmon resonance at about 900 nm and shows 
absorption efficiency close to 60%.  Low absorption efficiencies 
seem to be a general feature of GNShs, as extracted from 
previous simulations dealing with GNShs of different core and 45 

shell dimensions 118. This is evidenced in Figure 8, which 
includes (at bottom) the absorption efficiency of GNShs of a 
fixed R1/R2 ratio (0.857) as a function of the total radius (RT). As 
can be observed, absorption efficiency is always below 0.6. 
Furthermore, GNShs whose total radius is larger than about 150 50 

nm behave as almost full scattering particles, being useless for 
photothermal therapies. Indeed, the low absorption efficiencies of 
GNShs are a serious drawback for their application in 
photothermal therapies. Nevertheless, GNShs show interesting 
properties over other gold nanoparticles such as broad extinction 55 

cross section spectra extending up to 2 µm thus, allowing for 
wavelength tunable photothermal therapies within the second 
biological window. Extraordinary broad extinction spectra have 
been found in larger GNShs, with both core and shell radius over 
100 nm. This has been explained by the simultaneous 60 

contribution of multipolar plasmonic resonances. 119 
The continuous improvement on synthesis methods has made 
possible to fabricate gold nanoparticles with more complicated 
geometries such as gold nanostars (GNSs). GNSs are constituted 
by a central spherical nucleus surrounded by several tips (see 65 

Figures 7(c) and 9). GNSs were initially studied as novel 
candidates for surface-enhanced Raman spectroscopy (SERS), 
based on the strong field enhancement taking place at their tips. 
Thanks to their particular geometry, GNSs have also been 
demonstrated to be excellent drug deliverers with an outstanding 70 

efficiency.120  GNSs provide a large surface on which a high 
concentration of drug molecules can be loaded, thus reducing the 
required amount of drug molecules in respect to conventional 
approaches. In addition, recent works have demonstrated that, 
when incorporated into cancer cells, GNSs are able to change the 75 

shape of the cell nucleus, which improves the effectiveness of the 
drug release as well as minimize resistance against external 
treatments.120-122 Very recently, GNSs have emerged as novel 
photothermal agents with large light-to-heat conversion 
efficiencies. 122, 123 Indeed, GNSs have already been used for both 80 

hyperthermia and ablation therapies. Their optical properties can 
be tailored by controlling the growth process, so that the desired 
length, width and number of tips as well as the dimensions of the 
central core can be obtained. Changing these parameters would 
not only lead to a spectral shift of the plasmon resonance (see 85 

Figure 9) but also to a modification in the absorption efficiency. 
According to the different simulations published up to now, it can 
be concluded that GNSs with a reduced number of branches 
and/or with short and smooth tips show relatively low absorption 
efficiencies (see Figure 9). 162 On the other hand, when the 90 

branch tips are sharper, the absorption efficiency increases up to 
values above 0.9 (see simulations included in Figure 9). Indeed, 
there are some reports stating that such sharp GNSs with plasmon 
resonances close to 800 nm could present light-to-heat conversion 

75 100 125 150
0.1

0.2

0.3

0.4

0.5

0.6

10 15 20
0.6

0.7

0.8

0.9

1.0

Gold Nanoshell Total Radius (nm)

 
 

 

 

Gold Nanorod Effective Radius (nm)

A
b
s
o
rp
ti
o
n
 e
ff
ic
ie
n
c
y

Page 8 of 35Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  9 

efficiencies superior to those of GNRs with plasmon resonance 
around that wavelength.121   

 
 

Fig. 9 Simulated wavelength dependence of extinction, absorption and 5 

scattering cross sections of gold nanostars with different geometries. 
Simulations at the top correspond to a GNS with 25 nm core diameter and 
8 tips, all of them 19 nm in length and 13 nm in width. Simulations at the 
bottom correspond to a GNS with a 20 nm core diameter and 8 tips, all of 
them 22 nm length and 10 nm width. Figure reproduced with permission 10 

from Reference 122. 122 

Figure 7(c) includes the extinction, absorption and scattering 
cross section spectra of hollow gold nanocages (HGNCs). Hollow 
metallic nanoparticles differ from the already described GNShs, 
GNRs and GNSs in the fact that metal is only present at the 15 

surface. These nanoparticles were initially proposed to be used as 
drug deliverers, as their inner volume could act as a drug 
reservoir. Once a given nanoparticle (previously filled with the 
drug to be delivered) is incorporated into the cell, drug release 
will be achieved by irradiating at its surface plasmon resonance. 20 

By this way, the high local temperatures would “open” the 
structure, thus releasing the drug by either light-induced metal 
melting or by temperature-induced changes in the polymer 
structure surrounding the nanoparticle. Nevertheless, the light-to-
heat conversion efficiency was found to be high enough to use 25 

these hollow gold nanoparticles as thermal agents for 
photothermal treatments. From a practical point of view, HGNCs 
have the advantage that their optical properties can be strongly 
modified by slight changes in their morphology. In order to 
illustrate this property, Figure 6(c) shows how the extinction 30 

spectra of 30 nm (edge length) Au/Ag metallic nanocages can be 
tuned from the visible to the NIR as their dimensions (controlled 
by the Au/Ag relative composition) are modified.113 The surface 
plasmon peak is red shifted by increasing the HAuCl4 content that 
is used in the galvanic replacement of the Ag template. This 35 

allows for a fine spectral tuning from the visible (450 nm, when 

no Au is present) to the near infrared (900 nm for a 1.4 ml 
volume of 0.2 mM HAuCl4 /water solution). Moreover, the 
relative magnitude of absorption and scattering components can 
also be changed by varying the cage size.124 40 

 
Fig. 10 Top row shows a schematic representation of the approach 
followed by Min-Fong Tsai et al. for the development of a single metallic 
nanoparticle capable of optical absorption in the first and second 
biological windows. Bottom graph includes the optical extinction 45 

spectrum of the synthesized nanoparticle at the different preparation 
stages represented at the top. Figure reprinted (adapted) with permission 
from M. F. Tsai, S. H. Chang, F. Y. Cheng, V. Shanmugam, Y. S. Cheng, 
C. H. Su and C. S. Yeh, ACS Nano, 2013, 7, 5330-5342. Copyright 
(2013) American Chemical Society. 125.     50 

 
Very recently, new types of gold nanostructures intended to 
display absorption in both the first and the second biological 
windows have been synthesized.125 This is not an easy task 
because, as was explained before, the spectral position of the 55 

extinction peak is unequivocally determined by the geometry and 
size of the metallic NP. Therefore, broad absorption bands 
require a combination of multiple geometries in a single 
nanoparticle. An interesting approach has been recently proposed 
by Min-Fong Tsai et al,125 which is schematically shown in 60 

Figure 10 (top). They were able to synthesize single all-metallic 
nanoparticles composed of nanostructures with different 
geometries, starting from single GNRs with a plasmon resonance 
wavelength close to 800 nm (corresponding to GNRs with aspect 
ratio and average length close to 3 and 50 nm, respectively). This 65 

“seed” GNRs were then coated with a thin Ag layer (2-7 nm). 
The presence of this thin Ag layer enhances the visible part of the 
extinction spectrum of the starting GNRs, as it can be seen in 
Figure 10 (bottom). In order to extend the extinction spectrum to 
the second biological window (1-1.4 µm) the Ag+GNR structure 70 

was finally coated with a gold shell (close to 4 nm in diameter). 
This shell extended the extinction spectrum up to 1400 nm, as it 
can be observed in Figure 10 (bottom). Very interestingly, Min-
Fong Tsai et al.125 also reported on a fine control over the optical 
properties of the final nanostructure by just varying the Ag gap 75 
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thickness between the GNR and the outer Au shell. Indeed, this 
opens the possibility to perform photothermal therapy at any 
desired wavelength between 400 and 1400 nm. In respect to 
complex geometries involving gold nanoparticles, it should be 
noted that some groups have been able to synthetize encapsulated 5 

gold nanoparticles and demonstrated simultaneous imaging and 
heating by incorporating gold nanoparticles in different types of 
micro-capsules. 126-129 
Note that, up to now, this section has been mainly devoted to the 
description of gold nanoparticles. Nevertheless, the presence of a 10 

plasmon resonance is expected to occur for any metallic 
nanoparticle and not only for Au nanoparticles. Indeed, there are 
several works reporting on the optical properties of Ag 
nanoparticles. As a matter of fact, S.C. Boca et al.130 reported on 
the synthesis of water-dispersible silver nanoprisms with a 15 

triangular section that showed an intense extinction band at 
around 800 nm.130 These nanoparticles showed high 
biocompability and low intrinsic toxicity. In addition, they 
demonstrated that these NPs displayed an outstanding efficiency 
as photothermal agents under optical excitation at 800 nm. 20 

 

Table I. Spectroscopic characteristics of the different nanoparticles and 
nanostructures discussed all along the text.  

Before closing the description of the optical properties and 
heating mechanisms of metallic nanoparticles we would like to 25 

mention the relevant case of the so-called prussian blue 
nanoparticles (PB-NPs).131 These are nanoparticles made of 
mixed-valence transition metal hexacyanoferrates with the 
general formula of FeIII

4[FeII(CN)6]3H2O that were extensively 
used in the past as efficient dyes. Very recently, Guanglei Fu et 30 

al., have been demonstrated that these NPs are efficient photo-
thermal agents under infrared optical excitation.131 PB-NPs 
present optical properties very similar to Gold Nanorods showing 
an intense absorption band at around 800 nm. This absorption 
band, at variance with GNRs, it is not related to the excitation of 35 

any surface plasmon resonance but it has been tentatively 
attributed to the charge transfer transition between Fe(II) and 
Fe(III) in PB-NPs. Despite the exact origin of this absorption 
band, it has been demonstrated that under infrared optical 
excitation PB-NPs were able to convert efficiently optical 40 

radiation into heat. As a matter of fact, Guanglei Fu et al. 
managed to report successful in vitro photo-thermal therapies.131 
When compared with other heating NPs, PB-NPs show the 
additional advantage of a high photo-chemical stability, low 
manufacturing costs and a clinically tested and approved bio-45 

safety.132, 133    

 
Fig. 11 (a) Schematic drawing of the basic geometries of different 
carbon-based nanoparticles used for photothermal applications. Images 
extracted from Reference 171. (b): Room temperature extinction cross 50 

sections of single-walled and multi-walled carbon nanotubes (SWCNTs 
and MWCNTs, respectively) and of graphene oxide nanoparticles 
(GphNPs). Figure (a) reprinted (adapted) with permission N. H. Levi-
Polyachenko, E. J. Merkel, B. T. Jones, D. L. Carroll and J. H. Stewart, 
Molecular Pharmaceutics, 2009, 6, 1092-1099. Copyright (2009) 55 

American Chemical Society. Data for Figure (b) extracted from 
References 139 and 144.134   
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B.II. Carbon nanostructures 

As for the case of metals, light-induced heating of carbon-
containing materials is also a well-known effect with numerous 
examples and applications. During the last few years, and due to 5 

the fast development of the required synthesis techniques, a 
number of carbon-based nanomaterials have been successfully 
developed. From the very beginning, these carbon-based 
nanoparticles were considered excellent candidates for biological 
applications, due to the intrinsic biocompatibility of carbon. 10 

Carbon-based nanostructures can be divided in two main groups: 
nanodiamonds and graphite related structures. Nanodiamonds 
have great relevance for biomedical applications, particularly as 
luminescent biomarkers capable, for example, of intracellular 
high resolution tracking.135 In addition, very recently, 15 

nanodiamonds have been  proposed as excellent 
nanothermometers that can even be used for thermal imaging of 
single cells.136 Nevertheless, for the purpose of photothermal 
applications, nanodiamonds have not shown remarkable light-to-
heat conversion efficiencies. For such applications, graphite-20 

related carbon-based nanostructures have shown remarkably 
higher light-induced heating. 
The simplest graphite-related structure is called graphene, which 
is simply a bidimensional graphite plane (see Figure 11 (a)). 
However, the most developed carbon-based nanostructures are 25 

carbon nanotubes (CNTs, see also Figure 11(a)). These 
nanostructures, discovered by Ijima and coworkers in 1991,137 are 
cylinders made of sheets of graphene which are rolled in a tube 
shape with characteristic diameters in the range of few 
nanometers and lengths that may vary from tens of nanometers up 30 

to a few microns. The rolling can be made at different angles 
(“chiral” angles) and curvatures. Thus, there is a tremendous 
variety of geometries that results in a variety of CNT types, each 
one leading to different physical, mechanical, electrical and 
optical properties. In fact, slight changes on the geometrical 35 

structure of each individual nanotube can result in significant 
changes in its electronic structure. The structure of each 
individual CNT is determined by its diameter and the relative 
orientation of the graphene basic hexagons with respect to the 
axis tube. Each CNT is usually identified by two integers (n,m) 40 

that determine the so called “chiral vector”. The importance of 
this (n,m) vector is that it does determine both the electronic and 
optical properties of the CNT. For instance, depending on the 
(n,m) indices, the CNT could have either metallic or 
semiconducting character, depending on the existence or absence 45 

of a forbidden energy gap between the valence and conduction 
bands. In general, the synthesized carbon nanostructures are 
mixtures of different individual chiralities, i.e. a mixture of non-
identical CNTs with different (n,m) indices. As a consequence, 
typical colloidal solutions of CNTs cannot be classified as 50 

metallic or semiconducting but as a mixture of both. Indeed, the 
so called single-walled carbon nanotubes (SWCNT), that should 
ideally be constituted by a given chirality (n,m), are considered as 
synthesized with a clear predominant chirality.  However, even 
these simplest nanostructures can display both metallic and 55 

semiconductor properties due to the presence of slightly different 
geometric deviations of the major (n,m) CNTs. The existing 
technologies for the production of SWCNTs are often tedious, 

low in yield and with low purity. It is nowadays known that the 
synthesis of nanoparticles consisting of collections of concentric 60 

CNTs is much easier and allows for mass production with 
reduced manufacturing costs. These nanoparticles are commonly 
denoted as multi-walled carbon nanotubes (MWCNTs) (see 
Figure 11(a)). Finally, several recent works have pointed out the 
possible use of graphene nanoparticles (GphNPs), constituted by 65 

single graphene layers with total areas in the order of few nm2 

(see also Figure 11(b)), with outs1anding absorption properties 
in the near infrared (NIR)138, 139.  
Typical extinction spectra of the three main carbon 
nanostructures used for photothermal therapy are also shown in 70 

Figure 11(b). In general, the extinction spectra corresponding to 
SWCNTs are rich in features, as they consist of several 
absorption peaks superimposed over a wavelength decreasing 
background. These peaks correspond to different “Van Hove 
transitions” for the involved (n,m) nanotubes (see Figure 75 

11(b)).140-142 Each Van Hove peak is a transition between two 
singularities in the density of states of a given (n, m) nanotube. 
For instance, in Figure 11(b),  the main peaks at about 550 and 
1000 nm  correspond to two different transitions of the (6,5) 
predominant nanotubes in that particular solution. Since the (n,m) 80 

indices of SWCNTs are unequivocally given by the particular 
diameter and chirality of the CNTs, from the position of the Van 
Hove peaks it is possible to elucidate on  the particular geometric 
and structural properties of the SWCNTs. Indeed, optical 
extinction spectra are commonly used to characterize the 85 

geometric and structural properties of the SWCNTs present in a 
given solution. The additional peaks that appear in Figure 11 
occur as a result of a distribution of diameters around that of the 
main (6,5) CNTs. At shorter wavelengths (below 600 nm), the 
rise in the extinction spectrum is mainly related to the 90 

contribution of the so-called π plasmon resonance.143 This 
plasmon is related to π bonds between carbon atoms and arises 
from a light-induced collective charge motion, so the name of π 
plasmon. Indeed, the presence of this plasmon band is identified 
as one of the mechanisms leading to the background in the 95 

extinction spectra of CNTs. As will be stated later, this 
background is partially responsible for light-to-heat conversion in 
CNTs.144 The presence of Van Hove extinction singularities 
depends not only of the morphology and structure of the CNTs 
but also on its aggregation state within the colloidal solution. 100 

Indeed, M.J. O´Connell et al. demonstrated how the aggregation 
of nanotubes into bundles quenches the fluorescence (through 
interactions with metallic tubes) and broadens the absorption 
spectra in such a way that identification of Van Hove singularities 
becomes difficult.145  105 

  The extinction spectra corresponding to MWCNTs and GphNPs 
in the visible-infrared ranges are somehow similar but simpler 
than those corresponding to SWCNTs (see Figure 11(b)). 
Essentially, they consist of an extinction background that extends 
from visible to infrared, whose intensity monotonously decreases 110 

with wavelength. In these cases, the extinction peaks due to 
specific (n,m) nanotubes have disappeared. In the case of 
MWCNTs, the non-observance of (n,m) peaks is due to the 
inherent large dispersion in both radius of curvature and relative 
orientation of the carbon hexagons with respect to the axis tube. 115 

In addition, bundling (that difficulties the observation of Van 
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Hove singularities) is usually present in the solutions of 
MWCNTs due to their characteristic large lengths.145  
 Light-to-heat conversion in CNTs is due to de-excitation 
processes between Van Hove states, that involve luminescence or 
non-radiative relaxation. According to this simple model, once a 5 

CNT is illuminated it could generate, simultaneously, heat and 
luminescence. The relative contribution of any of these two de-
excitation channels (heat and photoluminescence) is given by the 
fluorescence quantum yield (QY). In the case of CNTs, 
fluorescence is efficiently quenched by the interaction between 10 

different carbon layers or between carbon layers and other 
materials (such as substrates or other nanoparticles). The 
fluorescence QY of SWCNTs is typically below 1% and only 
when special strategies are adopted to improve isolation of 
individual CNTs in solution, this yield can exceed 10%.146-148 As 15 

a consequence, and especially in the case of MWCNTs, it can be 
assumed that all the absorbed energy  is transformed into heat. In 
addition to this heating mechanism, heat in CNTs is also thought 
to be related to the light-induced collective motion of free 
carriers, i.e. to the excitation of the π plasmon. In this case, 20 

heating mechanism is explained similarly to the case of gold 
nanoparticles, i.e. heat is produced by the relaxation of surface 
currents through heat generation.149  

 
Fig. 12.- Top Thermal images of a cuvette containing an aqueous solution 25 

of MWCNTs under laser excitation at 808, 980 and 1090 nm. Bottom.- 
Thermal images of the same cuvette containing an aqueous solution of 
GNRs with a surface plasmon resonance wavelength close to 808 nm. 
The laser intensity was set to 1.4 W/cm2 in all cases. Adapted with 
permission from Ref. 106 from The Royal Society of Chemistry.106 30 

   From Figure 11(b) it is clear that, independently of their 
particular geometry, carbon-based NPs show significant 
extinction (absorption plus scattering) along the whole biological 
spectral range (i.e. for wavelengths above 700 nm). Thus, in 
principle, carbon-based NPs present the advantage of tunable 35 

photothermal therapy in a wide spectral range. This is at variance 
with the case of metallic nanoparticles for which the spectral 
position of the plasmon resonance is determined unequivocally 
by their particular geometry (see Section B.I), so that heat 
generation is only produced when they are excited within a 40 

restricted spectral range. The ability of CNTs for heat generation 
under illumination in a wide spectral range is evidenced in 

Figure 12 (top), which shows thermal images of an aqueous 
solution of MWCNTs optically excited at three different infrared 
wavelengths within the biological windows. As can be observed, 45 

although the excitation wavelength has been changed by more 
than 300 nm, the light induced heating in the solution is almost 
the same. On the contrary the same experiments but performed in 
a solution containing GNRs, indicate that the magnitude of the 
induced heating is strongly wavelength dependent.106  50 

As it was previously discussed, the ability of any nanosized 
system as photothermal agent depends on their absorption 
efficiency. For CNTs, the absorption efficiency has been 
determined following different approaches conducted by different 
research groups. 150-152 For the case of SWCNTs, the absorption 55 

efficiency has been reported to be strongly dependent on the 
particular solvent in which they are dispersed. As an example, the 
absorption efficiency of SWCNTs dispersed in toluene or in 
chloroform is close to 100 % whereas it goes down to almost 
50% when they are dispersed in DCB (C6H4Cl2).

152 For the case 60 

of MWCNTs (in water), the absorption efficiency has been 
determined by quantum dot fluorescence thermometry under 
different conditions. It was concluded that their absorption 
efficiency was almost wavelength-independent and close to 50% 
(see also Table I).106  At this point, the higher absorption 65 

efficiency of SWCNTs over MWCNTs would make them more 
appropriate for photothermal treatments. However, previous 
works have pointed out the absorption coefficient (per particle) of 
MWCNTs  is approximately 3 times that of SWCNTs. This is 
mostly  because the former ones have more electrons available 70 

for absorption per particle and possess greater mass.153 When 
compared to the absorption efficiency of GNPs (usually close to 
unity for infrared plasmons), MWCNTs show a reduced 
absorption efficiency, i.e. a larger contribution of scattering to the 
overall optical extinction. Despite their lower absorption 75 

efficiency, it should be noted that the absorption cross section of 
CNTs is in the range of 10-11 cm2 per particle.154, 155 This value 
(see Table I) is comparable to that of GNPs, but it is important to 
remark that CNTs present the advantage of broad spectral 
tunability for excitation. 80 

In respect to GphNPS there is not, up to the best of our 
knowledge, any study reporting neither on their absorption cross 
section nor on their absorption efficiency. Nevertheless, in this 
case the relative contribution of scattering is expected to be 
smaller due to their reduced size, and so larger absorption 85 

efficiencies are predicted.   

B.III. Quantum Dots 

Quantum dots (QDs) are semiconductor nanosized crystals that 
have been intensively used for fluorescence bioimaging. A 
number of direct band gap semiconductors, such as CdSe, CdS, 90 

CdTe, InP and PbSe, are efficient emitters when optically excited 
in the visible (via inter-band transitions across the band gap) or in 
the infrared (above 800 nm) via multi-photon absorption.156  
Fluorescent QDs have successfully been used for high-contrast, 
low autofluorescence in vitro and deep tissue in vivo imaging.157 95 

Despite the serious concerns about their intrinsic toxicity,158 
recent works related to experiments carried out in small animals, 
have revealed that when an appropriate surface treatment is 
performed, QDs have negligible toxicity.159 The optical 
properties of QDs are determined by the host semiconductor type 100 
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material and its size, which gives rise to quantum confinement 
effects. The size dependence of optical properties of QDs not 
only allows for tailoring the emission wavelength (from the 
visible to the infrared) but also for using the fluorescent QDs as 
multifunctional fluorescent probes capable, for example, of 5 

intracellular thermal sensing during hyperthermia treatments.160  

 
Fig. 13 (a) Extinction spectra of CuS QDs and Au/CuS nano structures 
(as those shown in the inset). (b) Extinction spectra of CuS QDs and of 
CuS super-nanostructures (flower-like CuS superstructures as those 10 

included in the inset). Figure reproduced with permission from 
References 161 and 162..  161 162 

Among the great variety of fluorescent QDs, copper-based 
semiconductors attracted great attention at early stages as 
biocompatible Cd-free fluorescent probes for in vivo imaging 15 

applications.163 Importantly, for the purpose of this review, Cu-
based QDs (mainly CuSe and CuS) show an extinction spectrum 
constituted by two broad bands, one of them centered in the UV-
visible spectral range and the other one with a maximum at about 
980 nm (see, for example the extinction spectra of CuS QDs 20 

included in Figure 13). The origin of this infrared band has given 
rise to some controversy. Whereas some authors relate this 
extinction band to inter-band electronic transitions,161, 162, 164, 165 
others correlate it to a broadband carrier absorption (due to a high 
concentration of vacancies) that results in a surface plasmon 25 

resonance.166, 167 Thus, Cu-based QDs would display absorption 
features similar to those of metals.168 Independently of the origin 
of this absorption band, many research groups have corroborated 
that when Cu-based QDs are optically excited, substantial heating 
is produced due to phonon-assisted electronic decay or to 30 

relaxation of free-carrier surface currents. The extinction cross 
sections of Cu-based QDs in the infrared have been determined to 
be close to 8·10-14 and 28·10-14 cm2 for CuS and CuSe QDs 
respectively.164, 166  These are orders of magnitude larger than 
those expected for an indirect optical transition and considerably 35 

higher than those of direct band gap semiconductor quantum dots. 
This fact supports the plasmonic origin of the 970 nm extinction 

band.166 When compared to CNTs or GNPs (see Table I), Cu-
QDs show extinction cross sections several orders of magnitude 
smaller. Indeed, this is a limiting factor, so research is currently 40 

focusing on the synthesis of novel Cu-QDs structures with 
enhanced extinction cross sections. Two of these approaches are 
summarized in Figure 13. S. B. Lakshmanan and cowokers 
managed to synthesize Au/CuS nanocomposites constituted by a 
CuS core partially surrounded by an Au shell (see inset in Figure 45 

13(a)).161 As can be observed in this figure, the extinction 
coefficient of CuS-QDs at 970 nm is enhanced about 2 times for 
Au/CuS due to plasmonic-induced local field enhancement. An 
alternative approach to improve the infrared absorption of Cu-
QDs was introduced by Q. Tian et al., who demonstrated that 50 

multiple reflection of 980 nm laser radiation in CuS-QDs with 
complex morphologies (such as the so-called flower-like CuS 
superstructures shown in Figure 13(b)) could lead to a 
remarkable enhancement in the 970 nm extinction cross 
section.162   55 

Another strategy to deliver heat through quantum dots is to use 
indirect band gap semiconductor materials. In this case, the 
maximum in the valence band and the minimum in the 
conduction band are displaced in k-space (they are at different 
positions in the momentum axis, as is schematically represented 60 

in the inset of Figure 14). Radiative transitions in these systems 
require the interplay between phonons and photons. 
Consequently, they are inefficient emitters, displaying large non-
radiative rates. This is, for example the case of water-soluble 
germanium QDs (Ge-QDs), whose extinction spectrum is shown 65 

in Figure 14.  Indeed, Ge-QDs have been proven to be capable of 
efficient heat generation after optical excitation in the near 
infrared.169 The available literature on the use of Ge-QDs as 
photothermal agents is very limited, despite the fact that pioneer 
works claimed that the light-to-heat conversion efficiency could 70 

be comparable or even larger than that of GNPs.169 Nevertheless, 
a systematic investigation on the absorption efficiency of Ge-QDs 
is not available at the present time, so that a direct comparison 
with other NPs in terms of absorption cross sections is not 
possible.        75 

 
Fig. 14 Extinction spectrum of Germanium QDs as reported by T.N. 
Lambert et al. Inset shows an schematic representation of the energy 
bands of Germanium QDs. Solid arrows indicate absorption and 
luminescence events whereas dashed arrows indicate phonon generation 80 

and represent the heating channels. Figure reproduced with permission 
from Reference 169..  169 
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B.IV. Rare earth doped nanocrystals 

Rare earth doped nanocrystals (RE:NPs) have been emerging 
over the last years as very promising fluorescent nanoprobes with 
numerous applications in modern bioimaging ranging from in 

vitro and in vivo fluorescence imaging to intracellular thermal 5 

sensing.170-174 Due to their particular electronic configuration, 
rare earth ions usually present a rich energy level diagram.175 
Therefore, the incorporation of this kind of ions into dielectric 
materials leads to the appearance of energy levels in the band 
gap. This, in turn, leads to the appearance of narrow absorption 10 

lines (bands) corresponding to optically stimulated electronic 
transitions from the ground state to the excited states, as can be 
observed in the extinction spectrum of NdF3 nanoparticles 
included in Figure 15 (top). In this case, Nd3+ ions appear as a 
constituent ion of the material not as a dopant.175, 176 Upon 15 

irradiation with an appropriate wavelength, electrons are optically 
excited from the ground state up to any of the excited states. 
Then, they relax back to the ground state involving different 
(radiative and non-radiative) processes that could result in heat 
generation. In order to illustrate and describe these processes, 20 

Figure 15 includes a schematic diagram of the different radiative 
and non-radiative processes undergone by Nd3+ ions after optical 
excitation with 808 nm wavelength radiation. The case of Nd3+ 
has been selected since these ions show a reasonable light-to-heat 
conversion. When Nd3+-doped NPs are excited with an 808 nm 25 

laser beam, electronic transitions from the ground state up to the 
4F5/2 excited state are stimulated, after which a fast non-radiative 
de-excitation process down to the metastable 4F3/2 state takes 
place. Once in this metastable state, neodymium ions can undergo 
a radiative decay to anyone of the lower energy states, from 30 

which phonon-assisted final decays to the ground state take place. 
Since heat is generated in each non-radiative de-excitation (i.e. 
with each phonon-assisted relaxation), neodymium ions are 
expected to partially convert the 808 nm excitation energy into 
heat. The relaxation dynamics in RE:NPs become more 35 

complicated when the rare earth ion content is increased. In this 
case, the distances between neighboring RE ions are reduced so 
that ion-ion interactions are activated. This leads to the 
appearance of both cross relaxation and energy migration 
processes, which are schematically represented in Figure 15 40 

(bottom). In the first case, de-excitation from the metastable state 
is achieved by promoting two Nd3+ neighboring ions from their 
ground state up to the 4I15/2 state. Once both ions are at the excited 
state, they de-excite down to the ground state by a multi-phonon 
relaxation process (i.e. delivering heat), known as “cross 45 

relaxation”. In the second case, energy migrates among Nd3+ 
neighboring ions until a non-radiative center (killer) releases the 
migrated energy, usually by heat generation. According to the 
schematic representation of Figure 15 (bottom), it is clear that 
RE:NPs with high ion concentrations are expected to convert a 50 

significant fraction of the absorbed radiation into heat. Such light-
to-heat conversion has already been observed in NPs doped with 
either Neodymium or Ytterbium/Erbium ions.177-179 Despite the 
fact that laser-induced heating in RE:NPs has proven to be a 
relatively efficient process, no attempts to use them as photo 55 

thermal agents in bio-systems have been made up to now. In the 
case of heavily  doped RE:NPs the fluorescence quantum yields 
(QY) have been reported to be very low (below 0.2 for the case of 

heavily Nd3+ ion doped nanocrystals),180 indicating that a large 
percentage of the absorbed (optical) energy is transformed into 60 

heat. Nevertheless, the limiting factor of RE:NPs as photothermal 
agents resides in the relative low absorption cross sections of 
RE3+ ions. Indeed, for the case of colloidal solutions of 
neodymium-doped NPs, the absorption bands are hard to be 
measured, so a direct estimation of the absorption cross section 65 

per NP is not possible. For a first order estimation, we refer again 
to Nd3+ ions and recall the fact that the absorption cross section 
per ion is typically close to 10-20 cm2. The absorption cross 
section per NPs could be obtained multiplying this by the number 
of neodymium ions inside a single NP. Assuming, for instance, a 70 

20 nm diameter NaYF4 NP, this can be calculated from the NP 
volume (≈10-22 m3), the unit cell volume (≈1·10-28 m3) and 
roughly considering that each unit cell contains a neodymium ion. 
This estimation concludes that the number of neodymium ions 
per NP is in the order of 106, so that the absorption cross section 75 

per NP can be assumed to be of the order of 10-14 cm2, i.e. several 
orders of magnitude lower than those of GNPs and CNTs but 
comparable to those of QDs (see Table I).       

 
 80 

Fig.15 Top Normalized, to maximum, absorption cross section of NdF3 

nanoparticles. Bottom.- Schematic representation of the energy level 
diagram of neodymium-doped nanoparticles. Straight arrows indicate 
radiative excitations and de-excitations. Wave arrows represent non-
radiative de-excitations. Figure reproduced with permission from 85 

Reference 176. 

B.V. Porous Silicon 

Porous silicon (PS) is a synthetic material that can be easily 
synthesized by electrochemical etching (anodization) of silicon, 
using a simple electrochemical cell.181 PS has effective band gap 90 

energies ranging from 1.12 eV up to 2.5 eV due to quantum 
confinement effects, associated to the non-homogenous 
distribution of pores.182 Moreover, PS has been found to be of 
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great potential for bio-imaging applications,183 mainly due to the 
fact that that silicon is a common trace element in humans and 
that a primary biodegradation product of porous Si, orthosilicic 
acid, is the form predominantly absorbed by humans and is 
naturally present in numerous tissues.184 In addition, their surface 5 

allows for easy and efficient functionalization with therapeutic 
agents.185, 186 All these properties make PS a promising material 
for bio-applications. Thus, current research is focused on the 
synthesis of PS nanoparticles (PSNPs), including all these 
beneficial properties for application in biology. Indeed, PSNPS 10 

have already been used as high-brightness biodegradable 
luminescent nanoparticles for in vivo experiments.187, 188 The first 
example of in vivo imaging of a tumor, and other organs, using 
biodegradable silicon NPs in live animals were carried out by Ji-
Ho Park et al.187 They tested biodegradability and 15 

biocompatibility of PSNPs showing, first, the accumulation of 
PSNPs mainly in the liver and the spleen. However, the PSNPs 
accumulated in the organs are noticeably cleared from the body 
within a period of 1 week and completely cleared in 4 weeks. The 
mechanism of clearance is attributed to degradation into soluble 20 

silicic acid followed by excretion.187  
In addition, PSNPs have also been demonstrated to provide 
significant light-to-heat conversion efficiencies.189 The 
mechanism of the photothermal effect in PS is similar to that of 
crystalline silicon and other semiconductors. When optical 25 

absorption takes place, pairs of charge carriers are generated, 
which diffuse through the material. Each carrier gains an energy 
approximately equal to the band gap of the material. This energy 
is delivered by electron-hole recombination, causing a local 
heating of the lattice and, therefore, in the surroundings. Thus, 30 

PSNPs have been reported as non-toxic therapeutic agents that 
generate heat to irreversibly destroy cancer cells when exposed to 
NIR light.184, 189, 190  As PS has atomic and electronic structures  
similar to those of CNTs, PSNPs are expected to show similar 
heating efficiencies. An additional advantage of porous silicon-35 

based nanoparticles is that their absorption coefficient is 
expanded over the whole spectral window allowing for the use of 
appropriate NIR laser sources to avoid significant collateral 
damage.191 

 40 

Fig. 16 Extinction spectra corresponding to colloidal solutions of 
different organic NPs) which have been demonstrated to be efficient 
photothermal agents. Data extracted from References 105, 192 and 193.  
105, 192, 193 

B.VI. Organic Nanoparticles 45 

All the above-described nanoparticles have shown high 
photothermal efficiencies but they display, as a common 
drawback, their inorganic nature. This means that they are non-
biodegradable, and likely to be retained in the body for long 
periods of time. preventing their further application in real 50 

clinical treatments due to potential long-term toxicity concerns.194 
Organic nanoparticles, typically polymeric ones, have been 
traditionally used in nanomedicine as drug delivery carriers. 
Light-absorbing organic nanoparticles have very recently 
attracted great attention as photothermal agents because of the 55 

pioneering demonstration of light-to-heat conversion in 
polyaniline conductive polymers and in porphysome organic 
nanoparticles. 110, 193 These pioneer works motivated the research 
of novel organic nanostructures with improved properties. In 
particular, in order to avoid excessive collateral heating due to 60 

tissue absorptions in the visible, a great effort has been carried 
out in the synthesis of organic NPs with enhanced absorption in 
the near infrared (NIR). In this respect, Indocyanine Green (ICG) 
based nanoparticles are of special relevance. ICG is a FDA-
approved substance for a number of clinical imaging applications 65 

that, simultaneously, shows an appreciable light-to-heat 
conversion efficiency.192 In order to  overcome some drawbacks 
of ICG (low metabolization rate, negligible absorption from 
intestine and poor intrabody recirculation)195 several approaches 
have been proposed. A very interesting one is that proposed by 70 

Jie Yu et al., who encapsulated ICG in a ~120 nm structure 
coated with antibodies through an all-water synthesis route.192 
The resulting ICG-based nanostructures (ICG:NPs) showed 
remarkable absorption in the NIR (see Figure 16) and were 
successfully used for cell targeting and for photothermal damage 75 

of cancer cells by NIR excitation at 808 nm. Other approaches 
allowing the use of ICG as photothermal agent are based on more 
complex structures, such as those proposed by M. Zheng et al. 196 
They synthesized complex NPs consisting of a core formed by a 
mixture of  doxorubicin (DOX) and ICG surrounded by a 80 

poly(lactic-co glycolic acid) (PLGA)-lecythin-polyethylene shell. 
These complex nanostructures, also showing optical absorption in 
the NIR, served as dual-functional agents capable of 
simultaneous chemo- and photothermal therapy. Recently, 
attention has been given to the use of biological materials as 85 

platforms for the delivery of therapeutic or imaging agents. As an 
example, the research group of B. Anvari reported the use of 
genome-depleted plant infecting brome mosaic virus doped with 
ICG as a nanoconstruct for NIR fluorescence and photoacoustic 
imaging. 197, 198 In addition, the first successful engineering of 90 

hybrid nanoscale constructs derived from membranes of 
hemoglobin-depleted erythrocytes that encapsulate the near 
infrared chromophore, indocyanine green were carried out by 
Bahmani et al.. They show the utility of the constructs as 
phototheranostic agents in fluorescence imaging and 95 

photothermal destruction of human cells. 199 Other authors 
developed efficient heating agents by loading ICG into SPIO 
nanoparticles with phospholipid-PEG coating that have been 
demonstrated to specially suitable for dual-modal imaging and 
photothermal therapies.200 100 

In addition to the encapsulated ICG based nanoparticles, some 
groups have proposed other chemical organic species as 
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photothermal agents. For instance, polyaniline-based NPs 
(PA:NPs) have been satisfactorily employed as photothermal 
agents for efficient photothermal treatment of epithelial cancer.193  
From the photophysical point of view, a key advantage of 
PA:NPs is that dopants (i.e., strong acids, Lewis acids, transition 5 

metals and alkali ions) for protonation generate an interband gap 
state (between valence and conduction bands) that induces the 
movement of electrons and decreases the excitation-energy 
level.201, 202 As a consequence of the presence of such inter-band 
states, optical transitions occur at low photon energies and, 10 

consequently, optical absorption bands appear in the NIR (see 
Figure 16). These NPs also present good colloidal stability in 
water, but their NIR absorption depends on the pH value as well 
as on the presence of oxidative species in the intracellular 
environment. Thus, the possibility to be applied to different types 15 

of cancer is still pending of further investigations. 
Very recently, organic NPs based on conductive polymers 
(PEDOT:PPS and polypyrrole) have successfully demonstrated 
their photothermal properties at low power densities. 105The 
required optical powers for efficient tumor treatment are similar 20 

or even lower than those employed with gold nanoparticles, 
suggesting a similar light-to-heat conversion efficiencies. These 
organic nanoparticles, whose typical size is below 100 nm, show 
a strong absorbance in the infrared.  Since both PEDOT:PPS and 
polypyrrole are conductive polymers, their heating mechanism is 25 

very likely related to the relaxation of light induced carrier 
currents. Figure 16 includes, for the sake of comparison, the 
extinction spectrum of PEDOT:NPs as reported by L. Cheng et 
al.105  
The work recently published by L. Cheng et al. should be also 30 

mentioned, as these authors present a novel and smart approach. 
In this case, the photothermal agent was constituted by an 
infrared absorbing dye encapsulated by a PEG shell. This shell 
provides both colloidal stability as well as biocompatibility.203 
The resulting nanoparticles (Dye-PEG:NPs) show a broad 35 

extinction band (see Figure 16) and a completely quenched 
fluorescence, close to the noise level. This quenching is very 
likely caused by non-radiative interactions between dye 
molecules inside the PEG core. These nanoparticles displayed no 
observable toxicity to three cell lines at the tested concentrations. 40 

Moreover, they were not found to be  noticeably toxic during  in 

vivo experiments.203 In these NPs, the heating mechanism is 
related to the complete relaxation of the absorbed optical power 
via multiphonon relaxation, as no luminescence is generated by 
the dye.  45 

The photothermal capability of organic nanostructures is usually 
limited by their relative low absorption coefficient. For organic-
based nanostructures, extinction cross sections have been 
estimated to be of the order of 10-14 cm2 (see Table I).34, 204 This 
drawback can be overcome by using porphysomes based NPs 50 

(PPH:NPs).110, 205 PPH:NPs are self-assembled from porphyrin 
lipid into liposome-like nanoparticles (∼100 nm diameter). The 
porphyrin packing density per particle is very high, so they 
absorb light with extremely high efficiency. As the packing 
density also induces self-quenching of luminescence from the 55 

porphyrin excited states, the absorbed energy is mostly released 
as heat, providing exceptional properties as photothermal agents. 
The absorption cross section of PPH:NPs has been estimated to 

be close to 1·10-11 cm, i.e. comparable to that of metallic NPs206 
(see Table I).110, 205  Good results have been also obtained by 60 

using Polypyrrole nanoparticles that have been demonstrated to 
provide  high photothermal conversion efficiencies during 
photothermal ablation of cancer cells.207, 208 

Finally, it is necessary to mention here that Yan Ma et al. have 
been also reported on the synthesis of highly efficient heating 65 

nanoparticles constituted by gold coated organic nano micelles 
that can be used as multi-functional nanoparticles capable of 
magnetic and optical contrast agents.209 

C. Synthesis and morphology 

In this section, a general overview of the different procedures 70 

developed up to now for the synthesis of L-HNPs is given. As it 
is described in Section B, there are several families of NPs 
capable of efficient light to heat conversion. Each family can be 
synthesized by using several synthesis procedures although not 
all lead to the same results. In the next paragraphs we will 75 

summarize those methods that have shown the best results in 
terms of the synthesis of HNPs. 

 
Fig. 17 The Liquid-Solid-Solution phase transfer Scheme (LSS) for the 
fabrication of Au NPs. Figure reproduced with permission from 80 

Reference 217.217 
 

C.I. Metallic nanoparticles 

Many publications have been devoted to the synthesis and 
fabrication of gold colloids in the size range of 10 – 15 nm. In the 85 

early 1950s Turkevich presented a pioneer reduction-based 
method for producing gold of uniform size in the range of 20-150 
nm.210 This method was based on the development of an aqueous 
solution made by mixing an auric salt (gold chloride) and an 
organic reducing agent (sodium citrate). The process involves 90 

intense stirring and a slight heating around 100 ºC. During the 
preparation process the reduction of an auric ion takes place, 
giving rise to a complex which easily decomposes when attaining 
a proper size, and finally forming a gold nucleus. They also 
demonstrated that the particle size was controlled by the kinetics 95 

of the reaction, so that the control of the nucleation parameters 
and growth stages could allow for the control of the nanoparticle 
size. About 20 years later, Frens et al. reported that by changing 
the relative amounts of reactants, i.e. by changing the sodium 
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citrate concentration during the nucleation process, they were 
able to control the size of their particles between 16 and 150 
nm.211 Other modifications of this method include further 
filtration and detection processes to improve the monodispersity 
of the obtained colloids. 212-214 5 

An alternative method for the synthesis of Au NPs that has been 
extensively used is the so-called Brust method. This method is 
specially suitable for efficient synthesis of monodisperse Au 
nanoparticles in organic liquids that are immiscible in water.215, 

216 The method involves the reaction of a chloro auric acid 10 

solution with a tetraoctylammonium bromide (TOAB) solution in 
toluene and sodium borohidride as an anticoagulant and reducing 
agent, respectively. 
Another method that has proven to be extremely versatile for 
fabricating any kind of nanoparticles (metallic, semiconducting or 15 

insulating) is the hydro(solvo)thermal one, developed by Wang et 
al 217. This method performs chemical reactions in a solvent 
above its critical point under an elevated pressure and 
temperature, which is enabled by placing the reactants in aqueous 
or organic solvents in a sealed and heated autoclave. The main 20 

advantage of this method compared to the thermal decomposition 
methods is that lower reaction temperatures are needed and, at the 
same time, the implementation of a set of reactions is possible. 
The reaction mechanism is based on the so-called Liquid-Solid-
Solution Scheme (LSS) (see Figure 17), which is mainly based 25 

on a phase transfer and separation process. In particular, for 
metallic nanoparticle separation, the primary reaction involves 
reduction of (noble) metal ions provided from a metallic salt, due 
to the action of ethanol at the interfaces of a certain metallinoleate 
(solid), ethanol-linoleic acid (liquid phase) and water-ethanol 30 

(solution). Few hours are enough in order to obtain extremely 
monodisperse metal nanoparticles with sizes below 10 nm. These 
small nanoparticles can then be used as seeds for growing Au 
nanorods for photothermal therapy. For example, these 
nanoparticles can be used in a more complex seed-mediated 35 

growth method, as that used by Huang et al..This method is based 
on that from Murphy et al. 218 and Nikoobakht et al., 219 and  
where the aspect ratio of the resulting rods and wires is 
determined by control of the ratio of metallic spherical seeds to 
metal salt during reduction 40 

For the purpose of efficient photothermal therapies some other 
gold nanostructures, such as Au nanorods (GNRs) are of special 
interest as their optical and heating properties can be tailored 
from their rod geometry.83, 220 GNRs, known to be relatively 
stable and biocompatible,221 were obtained by the modification of 45 

their surface with α-lipoyl-ω- hydroxyl poly(ethylene glycol) 
through ligand exchange from acetyl trimethylammonium 
bromide (CTAB)-stabilized gold nanorods.222, 223 Typically, 
GNRs were shown to have rod morphology with dimensions of 
about 40 nm × 10 nm (aspect ratio around 4), although an 50 

adequate variation of the synthesis conditions could modify their 
aspect ratio. Indeed, it is nowadays possible to get commercially 
available GNRs with aspect ratios well in excess of 7. 
Other gold nanoparticles with more complex geometries are also 
of relevance for photothermal therapies. This is the case of gold 55 

nanocages of relatively small size (about 50 nm edge length). 
They consist in nanostructures with cage shape and hollow or 
porous interiors which are made from sacrificial silver template 

nanocubes that are sequentially transformed into gold nanocubes 
(or nanocages) by the so called galvanic replacement of Ag by 60 

Au atoms.224 Important factors affecting the optical properties are 
the morphology (edge wall thickness and cage sizes) and the 
composition, i.e. the relative amount of gold to the template 
silver. Both of them are controllable during the synthesis 
procedure.225 Additional biomedical perspectives for these 65 

nanostructures are their multiple functionalization and 
encapsulation challenge because of different outer or inner 
surfaces.113, 226, 227  

 

Fig. 18 (a) Typical SEM image of CNTs synthesized by the arch 70 

discharge method (b) Representative TEM image of CNTs synthesized by 
CVD. Arrows indicate the presence of remanent catalyst particles. 
Reproduced with permissions from References 228 and 229. 228,229 

C.II. Carbon Nanotubes 

As it has been described in greater detail in Section B.II, Carbon 75 

nanotubes (CNTs) consist in continuously rolled single sheets of 
carbon atoms, only a few nanometers across. There are several 
methods than can be used for the synthesis of CNTs. Among 
them, laser ablation, arc discharging and chemical vapor 
deposition (CVD) techniques in the presence of transition metal 80 

catalysts (such as Fe, Ni, Co) are the most popular ones. 228, 230, 231  
 

These three different synthesis routes will be shortly described in 
the following paragraphs: 

- Arc discharge growth of CNTS. In this case the synthesis 85 

of CNTs takes place inside a discharge reactor.228 The arc 
is generated between two electrodes in a reactor under a 
helium atmosphere (typical pressures around 660 mbar). 
A graphite rod (16 mm diameter, 40 mm long) acts as 
catode, being the anode also a graphite rod in which a 90 

hole is drilled and filled with a mixture of a metallic 
catalyst and graphite powder. The arc discharge is then 
created between the electrodes. Typical synthesis times 
are around few minutes. Mixtures such as Ni–Co, Co–Y 
or Ni–Y are normally used as catalysts. Different carbon 95 

nanostructures can be synthesized, as described by 
Journet et al. 228 Figure 18(a) shows a representative 
SEM image of CNTs growth by the arc discharge method. 

- CVD growth of CNTs. CVD technique essentially 
involves the decomposition of a carbon-bearing gas and 100 

the diffusion and precipitation of C atoms on catalyst 
particles.232 Iron compounds (e.g. oxides, nitrates) are 
often used as catalyst precursors. A pre-reduction step is 
generally made, using H2 or NH3 as reducing agents, prior 
to introducing a C containing gas such as CH4 or CO.233-

105 

235 CNT growth from CH4 commonly diluted by H2 takes 
place at elevated temperatures. Figure 18(b) shows 
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electron microscope images of typical CNTs synthesized 
by CVD.229 

- Laser ablation synthesis of CNTs. Laser ablation induced 
synthesis of CNTs is known to be an efficient and 
relatively simple technique since the pioneer work of T. 5 

Guo et al. in 1995.230 In this case, CNTs are produced by 
focusing a high power laser into a graphite target. When 
laser energy/power exceeds that required for optical 
breakdown of the target, carbon vaporization takes place. 
Recombination of vaporized carbon atoms leads to the 10 

formation of CNTs, which are collected in a cooled 
collector positioned downstream. In some cases, metal 
particles must be added to the graphite targets to act as 
catalysts, as it is also done in the arc discharge technique. 
Growing rates and structural properties of CNTs 15 

synthesized by laser ablation can be controlled by an 
adequate selection of laser power, target temperature, 
pressure and type of inner gas. Purity of CNTs 
synthesized by laser ablation has been reported to be 
above 90 %.236 20 

    

C.III. Semiconductor nanoparticles  

The synthesis of semiconductor quantum dots (QDs) has been 
carried out by different routes, generally top-down processing 
methods and bottom-up approaches.237, 238 25 

Top-down processing methods include molecular beam epitaxy 
(MBE), ion implantation, e-beam lithography, and X-ray 
lithography. In these approaches, a bulk semiconductor is 
thinned, and generally the obtained QDs have 30 nm of diameter 
approximately. 30 

To synthesize colloidal QDs, self-assembly techniques (bottom-
up) are used237. They can be broadly divided into wet-chemical 
and vapor-phase methods: 

- Wet-chemical methods consist in following the 
conventional precipitation methods with a careful control 35 

of the parameters for a single solution. In a simplified 
view of the synthesis, two main events occur: the 
nucleation of colloids, followed by the growth of the 
nanocrystals. By heating a reaction medium to high 
temperature, the precursors chemically transform into 40 

monomers. Once the monomers reach a high enough 
supersaturation level, the nanocrystals growth starts with 
a nucleation process. The temperature during the growth 
process is one of the critical factors in determining 
optimal conditions for the nanocrystal growth. The wet-45 

chemical methods include micro-emulsion, sol-gel, 
competitive reaction chemistry, hot-solution 
decomposition, sonic waves or microwaves, and 
electrochemistry. 

- Vapor-phase methods start with atom-by-atom layer 50 

growth. After this, self-assembly occurs on a substrate 
without any patterning. Self-assembly of nanostructures 
in materials grown by MBE, sputtering, liquid metal ion 
sources, or aggregation of gaseous monomers are 
generally categorized under vapor-phase methods.238 55 

C.IV. Ion doped nanocrystals 

This kind of nanocrystals are usually based on fluoride (NaYF4, 

NaGdF4, LaF3, CaF2 among others) and oxide materials as the 
most usual hosts, and lanthanide dopant ions as active emitters. 
Their applications have been mostly focused on imaging and 60 

nanothermometry. However, some works have recently been 
published reporting photothermal features by means of a wise 
tailoring of doping concentrations in order to favor the non-
radiative transitions, and so the heat delivery from the NPs to the 
surrounding environment. A more detailed description about the 65 

physical characteristics of rare earth-doped nanocrystals is given 
in Section B.IV. Different methods have been used to prepare this 
kind of materials, including ionic liquids-based synthesis, co-
precipitation, combustion, and sol-gel. However, the two methods 
that provide controlled size, uniform and monodisperse 70 

nanoparticles are the hydrothermal and the thermal 

decomposition synthesis. 
The thermal decomposition synthesis is a two-step method. In a 
first step, organic precursors of the rare earth ions or alkali 
components are prepared and dried. In the second step, these 75 

precursors are decomposed in a high-boiling organic solvent that 
can act as a surfactant. The nanocrystals size, crystalline phase, 
and shape are controlled by the reaction parameters (reaction 
time, relative composition of the organic solvent and surfactants, 
addition rate of the precursors to the hot organic solvent). After 80 

this method was described by Yan et al. several kinds of fluoride 
nanoparticles, with different sizes and geometries, were 
obtained.239 These materials include LaF3 triangular nanoplates, 
cubic and hexagonal NaGdF4, NaYF4, NaGdF4, diamond shaped 
LiYF4, NaYbF4, Na3ScF6, YF3, nanocrystals, etc.240-244 However, 85 

for each host-dopant combination, an optimization of the 
concentrations and synthesis parameters is needed. 

 
 
Fig. 19 Damage induced in liver cancer cells (obtained in terms of the 90 

FDA dye emitted intensity) produced by GNRs optically excited by an 
800 nm laser beam for different irradiation times. Results obtained when 
the GNRs were located in either the surroundings or inside the cells 
(extracellular or intracellular heating, respectively) are shown. Data 
reproduced with permission from Reference 250. 250   95 

 
The hydro(solvo)thermal method has been previously described 
in this review regarding the synthesis of gold nanoparticles. The 
versatility of this method has made possible to prepare several 
types of lanthanide-doped fluoride nanoparticles.245, 246 For this 100 

method, the size and morphology of the nanocrystals have been 
demonstrated to be strongly dependent not only on the reaction 
conditions and the surfactants but also on the doping ion 

Page 18 of 35Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00–00  |  19 

concentrations. This approach is very useful to obtain 
nanocrystals with different sizes and geometries. Examples that 
can be found in the literature include microprism crystals, 
microrods, microtubes, octahedrons, microspheres and flower-
like NPs. 201, 247-249 Despite its versatility, the hydro(solvo)thermal 5 

method presents several problems when considering the synthesis 
of insulating crystals: The preparation involves large reaction 
times (usually about 24 hours) to produce uniform and 
monodisperse nanoparticles and the particles obtained usually 
have sizes larger than 100 nm. 10 

D.  In vitro and In vivo treatments 

 Up to this point, the main features of the different nanoparticles 
of interest as photothermal agents have been described, so that it 
is now possible to choose the most adequate system depending on 
the desired spectral working rage. Once the nanoparticles to be 15 

used have been have selected, the next step is to look for the best 
conditions to perform a specific photothermal therapy. This 
second step has propelled an intensive research on both in vitro 
and in vivo experiments so that the future application of these 
nanoparticles in clinical treatments has been explored. In this 20 

section we summarize the most relevant pre-clinical experiments 
(both in vivo and in vitro) that have been used to identify 
experimental factors that should be controlled to ensure efficient 
photothermal therapy. This section has been divided into two 
parts. D.I is devoted to the description of in vitro photothermal 25 

therapies (at the cellular level) whereas D.II includes a general 
overview of the nanoparticle based photothermal therapies 
performed up to date in small animals (in vivo experiments).  

D.I. In vitro photothermal treatments 

Targeting and cell uptake assays are the first steps to design a 30 

photothermal therapy. Essentially, the selected L-HNPs are 
diluted in a biocompatible solution (usually saline buffer) and 
then they are left to interact with cultured cells during a certain 
incubation time in a suitable atmosphere and temperature 
environment. The incubation time is regulated in order to control 35 

the number of nanoparticles that interacts with cells (i.e. that are 
internalized or attached to the cell membrane). This is an 
important factor in order to increase the cell temperature within 
the typical values used for photo-induced thermal damage (see 
Figure 1). The determination of an optimum incubation time is 40 

far from being an easy task as it depends on a large number of 
factors such as those related to the particular L-HNPs used (size, 
shape, NP concentration in the bio-compatible solution, surface 
coating). Moreover, this incubation time also depends on a great 
variety of other factors, such as the particular tumoral cell line 45 

and the properties of the laser light source (wavelength, time 
modulation, energy fluence and polarization). Indeed, all these 
features will finally determine the degree and type of light-
induced cell damage. Despite the complexity of the problem, as a 
large number of factors are involved, we will next discuss the 50 

most relevant ones so that strategical aspects can be established 
before carrying out a photothermal treatment. This section is, 
therefore, divided in the following subsections: Effect of 

nanoparticle location, Size and shape effects, Concentration and 

incubation time effects and Relevance of laser beam properties. 55 

 

Effect of nanoparticle location        

W. Zhou et al. were pioneers in pointing out the relevance of the 
location of heating nanoparticles, in respect to the cell, in the 
overall efficiency of in vitro photothermal treatments.250 In 60 

particular, they compared the efficiency of photothermal 
treatments at the cellular level when the L-HNPs are located 
outside the cell (in its surroundings) with that obtained when the 
photothermal agents are allocated inside the cell: Extracellular 
versus intracellular therapies. For such a comparative study, they 65 

used GNRs (30 nm long and 8.4 nm wide) as L-HNPs that were 
optically excited at around 800 nm. They observed that, for 
moderate CW laser powers, the photothermal therapy was more 
efficient when the GNRs were attached to the cells (intracellular 
therapy) than when the NHTs were outside the cells, i.e. in the 70 

bath solution around the cells to be treated (extracellular therapy). 
As a relevant example, Figure 19 shows the damage induced in 
liver cancer cells (HeG2 line) by means of phosphorylcholine 
(PC) coated GNRs (a coat designed for specific targeting of these 
cells) as a function of CW irradiation time at 800 nm (200 mW 75 

laser power). The amount of damaged cells is quantified by using 
FDA dye fluorescent cell markers that can be observed by 
confocal fluorescence microscopy.251 Thus, FDA fluorescence 
(green spots) gives a value of the number of living cells. It can be 
seen how for the intracellular modality (GNRs incubated 12 80 

hours) virtually all the cells within the irradiated area are dead 
after 130 s of irradiation. On the contrary, the cells are still alive 
until almost 190 s of irradiation for the extracellular modality 
(GNRs not attached to cells). These authors also observed  that 
GNRs internalized into cancer cells were mostly localized in the 85 

endosomes and lysosomes, from which hydrolytic enzymes 
should be released to the cytoplasm to cause fatal effects on the 
contained functional proteins.252  

  
Fig. 20 Number of gold nanoparticles uptaken by cancer cells (SK-BR-3) 90 

for three different surface coatings as obtained before and after etching. 
Data extracted from Reference 253. 253     
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Fig. 21 (a) Optical image of a cancer cell incubated with GNRs (red 
points) allocated at the cell membrane before any optical treatment. (b) 
Fluorescence image of the same cell as in (a) after optical irradiation with 
a 6 mW laser beam, as obtained in terms of the EB emitted intensity 5 

(which reveals membrane damage). (c) Optical image of a cancer cell 
incubated with GNRs (red points) allocated inside the cell before 
irradiation. (d) Fluorescence image of the same cell as in (a) after optical 
irradiation with a 60 mW laser beam as obtained in terms of the EB 
emitted intensity. Reproduced with permission from Reference 254. 254   10 

 
Data included in Figure 19 demonstrate that efficient 
photothermal treatments require a large degree of interaction 
between the LHNPs and the cell to be treated by either 
intracellular incorporation or by selective attachment to the cell 15 

membrane. Such control can be obtained by an adequate surface 
modification.  In this respect, E.C. Cho et al. investigated the 
efficiency of  intracellular incorporation and membrane adhesion 
of Gold Nanoparticles with three different coatings.253 They 
studied SK-BR-3 breast cancer cells with three different coatings: 20 

PEG (a neutrally-charged polymer), PAA 
(polyallylaminehydrochloride, which provides a positive-charged 
coating) and anti-Her2 (an antibody for specific adhesion to SK-
BR-3 cancer cells via body-antibody membrane targeting). These 
three different coatings are schematically displayed in Figure 20. 25 

After incubating cancer cells with the same amount of GNPS in 
exactly the same conditions, the uptake efficiencies for each 
surface coating were analyzed (see Figure 20) by means of 
coupled plasma spectroscopy (ICP-MS). The largest uptake 
efficiencies were obtained for PAA coated GNPs. Indeed, this 30 

superior uptake rate obeys to an efficient cell membrane 
adhesion, very likely due to the electrostatic attraction between 
the positive outer charges of the PAA-coated GNPs and the 
negatively charged membrane. This is followed by subsequent 
internalization of GNPs during the membrane evolution to its 35 

normal charge state. At variance, much lower uptake efficiencies 
were obtained for the other two (neutrally-charged) coatings. By 
suitable etching treatments, E.C. Cho et al. were able to conclude 
that, for the case of PEG and anti-Her coatings, most of the GNPs 
were located inside the cell whereas for PAA coating almost 50% 40 

of the GNPs remained at the cell membrane. So they provided 
evidence of how the uptake rate and location (intracellular or 
attached to membrane) of NPs can be controlled by surface 
treatment. Such a control becomes of great relevance when trying 
to increase the efficiency of photothermal treatments at single cell 45 

level. Indeed, photothermolysis experiments systematically 
performed in tumoral (KB) cells have demonstrated a much more 
effective photothermal therapy when the L-HNPs (GNRs in this 
case) are located in the membrane than when they are 
internalized.254, 255 This is illustrated in Figure 21, which includes 50 

optical images of cancer cells with GNRs selectively attached to 
their membrane (red dots) before and after irradiation with a 6 
mW laser power ((a) and (b), respectively). Cell damage was 
evidenced by the presence of the intracellular yellow 
luminescence of Ethidium Bromide (EB,  a fluorescent cell 55 

damage probe).256  When the GNRs were incorporated into the 
cell instead of being attached to the membrane (see red spots in 
Figure 21(c)), similar cell damage levels required much higher 
laser powers (60 mW, Figure 21(d), instead of 6 mW, Figure 
21(b)). The authors stated that several factors could be 60 

contributing to a greater efficacy of photothermal therapies when 
L-HNPS are allocated at the cell membrane. In particular, they 
stated that the greater damage caused when GNRs were attached 
to the membrane could be due to a combination of three factors: 
(i) thermal disruption of the membrane, providing the most direct 65 

opportunity to inflict cell damage, (ii) focusing of photothermal 
effects (due to GNR accumulation) at the membrane and, finally, 
(iii) the relatively low thermal conductivity of cell membrane 
contributing to the creation of larger temperature gradients in the 
surroundings of the laser focus.257 In addition to all these possible 70 

reasons, some authors have also stated that, when L-HNPS are 
attached to the cell membrane, cell perforation is favored by 
light-induced cavitation processes.254, 258 
It should be also noted that a slightly higher uptake efficiency 
was observed for the antibody coating than for the PEG one (see 75 

again Figure 20). This fact is essentially due to a larger adhesion 
to the cell membrane via body-antibody linkage and reveals the 
advantage of selective targeting of cancer cells via this type of 
interaction.82, 259-262 This kind of targeting allows for selective 
photothermal therapy, i.e. for damage creation only in preselected 80 

malignant cells by adequate body-antibody conjugation. In this 
respect, it is necessary to mention the results published by El-
Sayed´s group relating the use of anti-EGFR conjugated GNPs 
for photothermal treatment of three different cell lines; HaCat 
benign cells, and HSC and HOC malignant cells.83, 263 El-Sayed 85 

and coworkers studied for each cell line the damage induced as a 
function of the laser intensity. Results are summarized in Figure 
22, where it can be observed how non-malignant HaCat cells 
were destroyed at much higher laser intensities (20 W/cm2) than 
HSC and HOC malignant cells (10 W/cm2). Thus, if the laser 90 

intensity is set between these two values, damage would only be 
restricted to malignant cells, leading to the achievement of a 
highly selective photothermal treatment. Such selectivity was 
explained by El-Sayed and coworkers in terms of the higher 
uptake rates for both types of malignant cells, as they over 95 

express EGFR on their surface membranes.82, 83 In fact, this 
increase in GNRs loading was corroborated by comparing the 
absorption spectra of malignant and non-malignant cells 
incubated with anti-EGFR conjugated GNRs; the surface 
plasmon resonance peak was clearly dominant for cancerous 100 

cells, indicating their larger uptake efficiencies. 82, 83 
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Fig. 22 Optical and fluorescence merged images of HaCat (non-
malignant), HSC and HOC (malignant) cells incubated with anti-EFGR 
conjugated GNRs after laser irradiation at different laser intensities. 5 

Dashed circle indicates the spatial extension of laser spot. Cell damage is 
evidenced by the appearance of blue fluorescence emission generated by a 
damage cell marker. Figure reprinted (adapted) with permission from. X. 
Huang, I. H. El-Sayed, W. Qian and M. A. El-Sayed, Journal of the 
American Chemical Society, 2006, 128, 2115-2120. Copyright (2006) 10 

American Chemical Society 

 
Fig. 23 (a) Schematic illustration of the photo-activated drug release 
system based on gold nanocages. (b) Cell viability corresponding to cells 
irradiated in the absence of Au nanocages, cells irradiated in the presence 15 

of empty Au nanocages, cells irradiated in the presence of drug-loaded Au 
nanocages for 2 min and cells cells irradiated in the presence of drug-
loaded Au nanocages for 5 min. In all the cases the laser power density 
was set to 20 mW·cm–2. Reproduced with permission from Reference 264. 

4     20 

Surface coating is not only useful to control NP adhesion and 
incorporation into cancer cells but it can also be used for other 
purposes, such as photothermally controlled drug delivery.264 
M.S. Yavuz and coworkers demonstrated this possibility by using 
specially designed gold nanostructures.264 They managed to 25 

synthesize smart gold nanocages with pores in the corners. After 
being filled with an adequate drug, the nanocages were fully 
coated with a polymer in order to avoid drug leakage through 
corners (see Figure 23(a)). The polymer used by M.S. Yavuz et 
al. (poly-N-isopropylacrylamide) displays the property of varying 30 

its conformation when the temperature is slightly increased above 
a critical threshold value, in such a way that when the 
temperature is raised over this critical value the polymer chains 
tend to collapse.265 When this takes place, the pores are no longer 
blocked and the drug is released from the gold nanocages. 35 

Furthermore, when the temperature is decreased below the critical 
value, the polymer recovers its original form and the pores block 
once again. This temperature induced “pore-gating” can be 
activated by illuminating the gold nanocages at their plasmon 
wavelength resonance, so that the NP temperature is increased 40 

over the critical one. This possibility was, indeed, tested by 
Yavuz et al. who managed to place anti-cancer drug molecules in 
pored gold nanocages coated with a composed polymer that 
displayed a critical temperature of 39 ºC.264 This is slightly above 
the body temperature (37 ºC) but still below the temperature 45 

needed to perform hyperthermia (41 ºC,). Drug-loaded nanocages 
were incubated into breast cancer cells and the viability of these 
cells was studied after laser irradiation with laser intensity of 20 
mW·cm-2 at different treatment times. The results, summarized in 
Figure 23(b), showed that the cell viability was reduced to about 50 

60% for 2 min. of laser irradiation and still decreasing for 5 min. 
of irradiation. To point out the efficiency of the drug delivery 
process, the same experiment was carried out incubating cells 
with unloaded nanocages. This treatment led only to a reduction 
of 10 % in respect to the control (cells irradiated but non-55 

incubated with nanocages). These results make it clear that the 
special design of nanoparticle and surface coating can also be 
used to achieve highly efficient photothermally-mediated drug 
delivery based therapies.  
Size and shape effects  60 

The size and shape of the L-HNPs could not only play a role in 
determining their optical properties and light-to-heat conversion 
mechanisms and efficiency (see Section B) but these factors are 
also crucial to determine the uptake efficiency by cells. This was, 
indeed, demonstrated by B.D. Chithrani and coworkers who 65 

demonstrated that, independently of the particular coating, 
spherical gold NPs are more efficiently up-taken by cancer cells 
than rod-shaped gold nanoparticles (GNRs).266  Moreover, they 
also evidenced that the internalization efficiency of GNRs 
decreases when the aspect ratio is increased. In principle, this 70 

result can be simply explained in terms of the longer membrane 
wrapping time required to fully endocytose elongated particles. 
By incubating gold nanospheres of different sizes (ranging from 
10 to 100 nm) and analyzing the uptake efficiency by cancer 
cells, B.D. Chithrani et al. found that the optimum size is close to 75 

50 nm in diameter.266, 267 Indeed, the existence of such an 
optimum size for cell uptake is in accordance with the results of 
F. Osaki et al., who also found a similar optimum size for 

Page 21 of 35 Nanoscale

N
an

os
ca

le
A

cc
ep

te
d

M
an

us
cr

ip
t



 

22  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

potential guests of endocytosis, such as viruses and lipid-carrying 
proteins.268 Thus a size of ~50nm is presently accepted as the 
optimum one for an efficient internalization into cells.  
 
Concentration and incubation time effects 5 

Nanoparticle concentration and incubation time are also known to 
be critical parameters determining the cell uptake efficiency of L-
HNPs for in vitro experiments.269-272 It is nowadays widely 
assumed that the uptake efficiency of NPs usually displays 
saturating trends with both parameters; i.e. the amount of 10 

nanoparticles internalized by the cells (usually in the order of few 
thousands, in the best cases) is limited. Typically, when dealing 
with immortalized cancer cells,  incubation times larger than 4 
hours do not lead to a further increment in the number of 
internalized NPs and, hence, in vitro experiments are usually 15 

limited to times no longer thanabout 4 h.273 As an example, a 
saturation plateau in the uptake efficiency of gold nanospheres 
has been reported by B.D. Chithrani et al. for incubation times 
larger than 4 hours and different NP diameters.266 The cellular 
uptake efficiency also displays a saturating behavior with the 20 

increasing concentration of NPs in the bath solution. However, in 
this case it is not possible to establish any concentration that 
could be considered as optimum.  

 
Fig. 24 Schematic illustration of the NP uptaking process by living cells. 25 

 
At this point, it is important to recall that the NP uptake process 
by a given cell essentially involves two steps: (i) selective 
adhesion to the plasma membrane (cell adhesion), and (ii) 
subsequent internalization (see Figure 24).267 This second step is 30 

a receptor-mediated endocytosis and requires longer times (>10 h 
for relevant internalization).274-277 However, as it has already been 
discussed above, cell internalization is not strictly necessary for 
efficient photothermal in vitro therapies, so that such long 
incubation times are not required.  35 

Finally, when determining the optimum concentration and 
incubation times the uptake efficiency should not be the only 
parameter to be considered. Other effects to be taken into 
consideration are toxicity and aggregation. A number of works 
have evidenced that some NPs are not toxic at low to moderate 40 

concentrations but they show some degree of toxicity when either 
incubation time or nanoparticle concentration is increased.278 In 
this respect, the associated cytotoxicity effects must be evaluated 
and considered when designing an in vitro photothermal 
treatment. In addition, when high NP concentrations are used, the 45 

probability of particle aggregation in the culture medium (at the 
membrane or inside the cell) is increased. This is a key point, 
since for some of the L-HNPs described in Section B (such as 
CNTs, GNPs and QDs) their optical properties are strongly 
modified/deteriorated by the presence of aggregation. This effect 50 

could lead to a decrease in the efficiency of photothermal 
therapies even with an increasing number of NPs internalized by 
cells.279 

 
Fig. 25 Optical images of KB cells before and after laser irradiation at 55 

different laser fluences. Results obtained with and without incubation 
with GNRs are included. Data reproduced with permission from 
Reference 255. 255 

Relevance of laser properties. 

In general, photothermal therapies use lasers as light sources. 60 

Two types of time profile operating lasers are usually employed; 
pulsed or continuous wave lasers (hereafter PW and CW lasers, 
respectively). PW lasers are able to produce high peak intensities 
and, therefore, induce photothermal cell damage by different 
mechanisms than those activated by CW lasers. Regardless of the 65 

laser time profile, important parameters to be considered in a 
given photothermal treatment are laser intensity (often called 
power density) and energy fluence. The laser intensity (laser 
power divided by laser spot area) can be controlled by adjusting 
the laser power and/or the focal area. On the other hand, laser 70 

fluence gives a measure of the total energy delivered to the 
biosystem per unit area and can be adjusted through the 
irradiation time and/or the laser intensity. When the works 
dealing with in vitro photothermal experiments are reviewed, it is 
clear that the threshold laser intensity required to achieve cell 75 

destruction depends on a large variety of parameters, including 
the cell type, nanoparticles used as photothermal agents, number 
of nanoparticles uptaken by cells and environmental conditions. 
Due to this multi-parameter dependence the threshold intensities 
ensuring efficient photothermal treatment vary in a wide range. 80 

Nevertheless, typical intensities reported for photothermal 
treatment range from 1 to about 100 W/cm2 when CW laser 
sources are used.  
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Fig. 26 Optical images of tumoral KB cells incubated with GNRs 
(denoted by red spots) before and after laser irradiation with a continuous 
wave or a pulse laser (CW or PW, respectively). Yellow fluorescence 
corresponds to EB and reveals the presence of cell damage. Reproduced 5 

with permission from References 254 and 280. 254, 280 

The threshold conditions required for efficient in vitro 

photothermal treatments can also be established/described in 
terms of laser fluence. This should always be kept below the so-
called medical safety level.281  T. B Huff et al. have performed 10 

systematic photothermal cell damage experiments at different 
laser fluences in GNRs incubated KB cells (a cell line derived 
from oral epithelium).255 Figure 25 shows morphological 
changes that occur at cellular level for three different laser 
fluences (30, 60 and 120 J/cm2), when the irradiation was 15 

performed by a CW laser tuned to the surface plasmon resonance 
wavelength. Severe blebbing in cells containing GNRs is 
observed even for the lowest laser fluence (30 J/cm2), which is a 
clear indication of irreversible cell damage.282, 283 On the 
contrary, the morphology of the non-incubated cells is unaffected 20 

even for the highest laser fluence (120 J/cm2). 
Thus, Figure 25 evidences relevant morphological changes in 
living cells during photothermal treatment. The magnitude and 
type of these changes are also dependent on the laser operating 
mode (CW or PW). This is further evidenced in Figure 26, that 25 

includes optical images of tumoral KB cells incubated with 
GNRs (red spots at the cell membrane) under laser excitation 
with either CW or a PW laser.254 After photothermal treatment 
two main effects are observed. First, considerable membrane 
blebbing and second, a substantial increase in the membrane 30 

permeability induced by laser irradiation, this one manifested by 
the yellow fluorescence signal given by the EB fluorescence, 
which unequivocally reveals membrane damage. Photothermal 
treatment strongly degrades the integrity of the cell membrane 
and it does allow for influx of extracellular material. The laser-35 

induced increment in cell permeability also explains the blebbing. 
As a matter of fact, it has been established that blebbing it is not a 
direct consequence of photothermolysis but a chemical damage 
that occurs as a result of influx of extracellular Ca2+ ions followed 
by degradation of the actin network.254 This is supported by 40 

experimental evidence provided by L. Tong et al. who found that 
KB laser-irradiated cells with GNRs attached to their membrane 
did not experiment blebbing when they were in complete absence 
of Ca2+ 254. L. Tong et al. also concluded that the efficiency of 
photothermal treatments was substantially enhanced when 45 

irradiation was done using PW laser sources instead of CW ones.  
In Figure 26, it can be observed that similar cell damage was 
obtained for PW and CW laser irradiation, but using a much 
lower laser fluence for PW-fs irradiation (24 J/cm2 for CW 
irradiation and only 3 J/cm2 for PW irradiation). Indeed, the 50 

mechanisms at the basis of cell damage under irradiation with 
PW lasers (femtosecond pulse widths) have been proposed to be 
completely different from those associated to CW photothermal 
therapies. Ultrafast PW lasers are able to produce high peak 
intensities in the femtosecond timescale, giving place to 55 

multiphoton absorption that initializes thermalization of 
conduction electrons. This excitation is produced in the 
femtosecond time whereas the electron-phonon assisted energy 
transfer from electrons to the surrounding medium takes place in 
the picosecond time scale.284 As a consequence of such big 60 

differences in the excitation/heat generation time scales, no 
remarkable heat diffusion to the environment of GNRs is 
produced and heating is restricted to tissue very close to the 
GNRs site. In the end, this causes a well-localized superheating 
that leads to plasma and cavitating bubble formation.285 65 

Therefore, when femtosecond pulses are used, thermal damage is 
produced while keeping cellular temperature constant at its 
equilibrium value. On the contrary, CW lasers cannot produce 
such high intensities but keep plasmonic electron oscillations 
indefinitely, so that Joule heating occurs in a continuous way. 70 

Thus, heat is diffused through the whole cell increasing 
substantially its temperature.160                                           

 
Fig. 27 Influence of GNRs concentration in the photothermal treatment 
efficiency performed in HeLa cells. Two GNRs concentrations were 75 

incubated. Control data are also included. Data extracted from Reference 
18. 18 

Photothermal therapy can also be strongly affected by the 
presence of the so-called reshaping effects. Reshaping occurs 
mainly in GNPs when the temperature reaches a critical value 80 

that produces melting and, thus, a remarkable change in shape. 
This effect takes place when moderate/large laser fluences are 
used and it has been widely reported and studied for the case of 
GNPs.107, 286-289 For the particular case of GNRs, laser-induced 
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heating transforms their rod shape into a spherical shape, deeply 
affecting the plasmonic extinction.288 H. Petrova et al have 
systematically investigated the temperature stability of GNRs 
deposited on a glass slide under both thermal annealing and 
femtosecond PW laser irradiation.288 They observed that at about 5 

250 ºC the nanorods are completely transformed into spheres 
after about 1 hour of thermal annealing, but partial reshaping 
occurs even at 100 ºC. The same authors also studied this 
reshaping effect under fs-PW laser irradiation and indirectly 
estimated the local temperature at the GNRs sites. They 10 

demonstrated that the GNR shape was preserved for local 
temperatures below 700 ºC. The different reshaping efficiency 
reached by thermal annealing and by fs PW laser irradiation was 
mostly associated to the fact that for ultrafast laser excitation the 
GNRs do not stay hot long enough to produce significant 15 

structural changes.288 The photothermal reshaping of GNRs has 
also been found to be a key parameter affecting the efficiency of 
the photothermal therapy, especially when large/moderate laser 
fluences are used. This was indeed evidenced by T. Hironobu et 
al., who studied the efficiency of photothermal therapies carried 20 

out in HeLa cancer cells incubated with GNRs and subjected to 
PW laser irradiation (5-7 ns Q-switched Nd:YAG laser). 18 
Figure 27 shows how the cell viability depends on the irradiation 
time (i.e. on the laser fluence) as obtained for different 
concentrations of GNRs. For HeLa cells without GNRs, no 25 

cellular damage occurs in the range of irradiation times studied. 
On the other hand, the cell viability decreases down to about 40% 
after 4 min of laser irradiation for cells incubated in a 0.4 mM 
GNR solution, and it does remain constant for longer times. This 
result was tentatively explained considering the fact that for such 30 

long times (laser fluencies) GNRs had been reshaped into spheres 
so that the longitudinal plasmonic absorption was quenched and 
damage was ceased as the energy absorption at the laser 
wavelength vanished. However, if the GNRs concentration is 
doubled (0.8 mM), this plateau is not observed, and after 2 min of 35 

laser irradiation 100% of HeLa cells have been photothermally 
damaged.18 
An intelligent approach to improve the efficiency of photothermal 
treatments based on GNRs (and hence avoiding the use of long 
irradiation times that could lead to the appearance of reshaping 40 

effects) was proposed by H. Kang et al.290 They demonstrated 
how it is possible to perform efficient photothermal treatments in 
HeLa cells incubated with GNRs by using radially polarized 
beams instead of the traditionally used linearly polarized ones. 
The GNRs are randomly oriented inside the cell and so, when 45 

using linearly polarized laser radiation, only those GNRs 
orientated along the electric field vector would absorb laser light 
efficiently. Indeed, this means that only a small portion of the 
GNRs allocated inside the cell will contribute to the photothermal 
treatment. This fact can be solved by using a radially polarized 50 

laser beam so that the electric field associated to laser radiation 
inside the cell points along all the directions. This means that, 
although GNRS are randomly oriented, all of them would absorb 
the laser radiation (each GNR will absorb the electric field 
component along its longest dimension). H. Kang and coworkers 55 

demonstrated the benefits of radially polarized laser beam by 
incubating GNRs of 45 nm average length (aspect ratio 4) in 
human cervical cancer cells.290 They demonstrated (see Figure 

28) that the minimum energy fluence required to induced severe 
cell damage when using  radially polarized beams was five times 60 

lower that that required when linearly polarized beams were used. 
H. Kang et al also found that radially polarized beams lead to 
much more intense fluorescence cellular images due to a larger 
amount of excited GNRs.290      

 65 

Fig. 28 Number of required scanning cycles (a measure of the energy 
fluence) required to cause irreversible damage in HeLa cancer cells 
incubated with GNRs as obtained when radial and linear polarized laser 
beams were used. Insets show two photon fluorescence images of the 
HeLa cancer cells incubated with GNRs as obtained when linear and 70 

radial polarized beams were used. Published with permission from 
Reference 290. 290.  

Another relevant approach involving pulsed lasers for 
photothermal in vivo therapies is the so-called laser-activated 
nano-thermolysis (LANTCET) method, developed in the recent 75 

years by Lapotko et al. 291 This method allows the selective 
detection and destruction of individual tumor cells by the 
generation of intracellular photothermal bubbles, around clusters 
of gold nanoparticles. The physical insight of this technique 
comes from the non-stationary character of the sequential heating 80 

processes. Due to its non-stationary on-demand nature, the 
bubbles created after laser irradiation of clusters of gold 
nanoparticles are formally not a particle but an event. Plasmon 
resonance of GNPs converts optical energy into highly localized 
heat that evaporates liquid near the surface of GNPs. This creates 85 

expanding and collapsing vapor nanobubbles, termed plasmonic 
nanobubbles (PNB). The lifetime of these PNBs varies between 
20 and 300 ns. 292 When PNBs are created inside cancer cells, 
they can induce cell death due to a pure mechanical process rather 
than a pure thermal one. Indeed, the collapse of the so-generated 90 

PNBs causes the explosive disruption of the cellular membrane 
and other components and can be defined as immediate lysis, not 
apoptosis or necrosis. The PNB treatment using a 40 mJ/cm2 
single laser pulse demonstrated a 97% mortality rate on cancer 
cells while causing a minimum effect on normal cells (cell death 95 

level below 21%), even those adjacent to the cancer cells where 
PNBs were generated 293. The laser fluences required were then 
4-6 orders of magnitude lower than those employed in previously 
reported in vivo studies of photothermal hyperthermia with gold 
NPs (3-72 × 102 J/cm2). 294 Besides, the remarkable target-cell 100 

specificity of PNB-based photothermal processes is of special 
interest due to the fact that thermo-mechanical damaging 
processes are fully confined in the endosomal system of the target 
(cancer) cells. 295, 296 The PNBs have also been used in other 
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therapeutic methods in nanomedicine, such as intracellular and 
extracellular drug release 297 298.  

 
Fig. 29 (a) Representative photographs of mice inoculated with 

malignant cancer cells (KB cells) photothermally treated and untreated at 5 

different times after each treatment (I, PEG-CNTs + NIR; II, untreated; 

III, PBS + NIR; IV, PEG-CNTs). (b) Four mice 60 days after different 

treatments. (c) Time-dependent tumor growth curves of tumors after 

photothermal treatment. Figure reprinted (adapted) with permission from 

H. K. Moon, S. H. Lee and H. C. Choi, ACS Nano, 2009, 3, 3707-3713. 10 

Copyright (2009) American Chemical Society.  

 

D.II. In vivo photothermal treatments 
The performance of efficient in vivo photothermal treatments 
requires the incorporation of sufficient amount of L-HNPs into 15 

tumors to be treated. Then, the tumor must be illuminated with an 
adequate laser source in such a way that tumor temperature is 
significantly increased while minimizing the heating effects 
caused to healthy tissues. The selective incorporation of L-HNPs 
into tumors can be achieved by following two different strategies: 20 

active and passive targeting. For active targeting, the surface of 
L-HNPs must be coated (functionalized) with adequate antibodies 
which can be specifically recognized by proteins over-expressed 
in the malignant cells. On the other hand, passive targeting is 
based on the so-called enhanced permeability and retention (EPR) 25 

effect of tumors and cancer cells.299, 300 This effect exploits 
abnormalities of tumor vasculature, aberrant vascular architecture 
and extensive production of vascular permeability factors to 
stimulate extravasation within tumor tissues. In addition, as the 
goal is to administrate L-HNPs intravenously, their size and coat 30 

may also be designed so as to avoid a rapid renal clearance, thus 
displaying long blood half-lives, i.e. long circulating times in the 
bloodstream.301, 302 In some in vivo experiments, L-HNPs are 
incorporated into the tumor by direct injection, i.e. the solution 

containing the L-HNPs is not injected into the bloodstream but 35 

directly injected into the tumor. This method ensures a large 
intratumoral concentration of L-HNPs although it does not give a 
clear idea of the treatment efficacy in real conditions. For a more 
realistic approach, L-HNPs are intravenously administrated.  
The procedure usually followed for simple in vivo photothermal 40 

treatment of tumors has different steps: first, the tumors are 
induced in healthy mice. Usually, two tumors are induced in each 
mouse, in such a way that one of them is treated and the 
remaining one is used as a control tumor. Then, L-HNPS are 
incorporated into the tumor by means of any of the methods 45 

described above. Once the L-HNPs are inside the tumor (inside 
the cancer cells or at their membranes) the tumor is illuminated 
by an external laser source so that intratumoral thermal loading is 
produced. The effectiveness of the treatment is usually evaluated 
by measuring the time evolution of the size of both treated and 50 

control tumors. The wavelength of the heating laser source is a 
critical parameter in this kind of experiments. Obviously, laser 
radiation has to be absorbed by the L-HNPs but, at the same time, 
it should be minimally absorbed by the tissues. This second 
condition should be satisfied in order to achieve selective heating, 55 

i.e. to heat only those tissues in which L-HNPs have been 
incorporated. Blood and tissues usually present strong absorption 
bands in the visible.  Thus, in vivo photothermal treatments 
usually employ near infrared lasers (NIR lasers, with wavelengths 
larger than about 700 nm). 106, 304 Laser irradiation of the tumor is 60 

carried out for a certain time (usually in the order of few minutes, 
until the tumor temperature reaches a steady value). Both the 
laser intensity and the irradiation time determine the magnitude 
of temperature increase caused in the tumor and so, according to 
Figure 1, the net effect caused on the tumor cells. As a 65 

consequence, the final result of the treatment would also be 
strongly dependent on both the laser irradiation intensity and 
treatment duration. This fact has been evidenced by several 
studies. Among them, the one performed by N. Huang et al. is 
especially relevant, as they studied how the efficiency of 70 

photothermal treatments of carcinoma tumors in mice (using 
CNTs) can be improved by an adequate selection of both laser 
intensity and irradiation time. 305       
The efficacy of a given photothermal treatment is usually 
elucidated by evaluating the time evolution of the treated tumor 75 

volume and comparing with that of the non-treated (control) 
tumor. This is illustrated in Figure 29, which shows how 
photothermal therapy is successfully applied to destroy malignant 
tumors (KB cell line) inoculated in mice backs by using 
SWCNTs as L-HNPs.303 After the induced tumors reached a 80 

volume of about 70 mm3 (2 days from the inoculation), a group 
of mice was intratumorally injected with 100 µL of a PBS 
solution containing the nanoheaters (120 mg of PEG coated-
SWNTs) and then subjected to CW laser irradiation at 808 nm 
(76 W/cm2) during 3 min.303 It can be observed as, for a mouse 85 

irradiated in such a way, the tumor was completely destroyed 
after 20 days (Figure 29(a)) and how after 60 days the mouse is 
still alive (Figure 29(b)). In fact, N. Huang et al. reported that 
over six months those photothermally treated mice displayed a 
healthy behavior without toxic effects or tumor recurrence. On 90 

the contrary, for the control mice (i.e. for non-irradiated mice or 
those irradiated but not injected with CNTs) tumors substantially 
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keep growing with the time after inoculation, reaching sizes near 
to 3000 mm3 after 25 days of tumor inoculation (Figure 29(c)). 
All control mice were dead after 60 days from inoculation 
(Figure 29(b)).  

 5 

Fig. 30 Dependence of the blood half-life of PEG coated gold 
nanospheres on both particle size and molecular weight of PEG coating. 
Published with permission from Reference 306.306 

Finally, it should be mentioned that successful photothermal 
cancer therapy has been also achieved at laser fluences below the 10 

medical safety level using organic nanoparticles. Particularly, in 
vivo tumor destruction has been achieved in the case of 
polypyrrole NPs under a total laser fluence of 75 J/cm2. 
 
Biodistribution of L-HNPs 15 

It is important to recall here that in the experiments of Figure 29, 
the L-HNPs (carbon nanotubes in that case) were directly 
delivered to the tumor by means of intratumoral injection. As 
commented before, while this method can be very successful for 
subcutaneous tumors, it does lack from clinical applicability. In a 20 

more realistic approach, the L-HNPs should be intravenously 
administrated, so that its selective accumulation in the tumoral 
regions would be produced after travelling through the blood 
stream. This has propelled numerous in vivo and ex vivo 
biodistribution studies of different L-HNPs in animals, mostly in 25 

mice, in order to establish proper models for their blood 
circulation ability, their retention into different organs and the 
excretion time and mechanisms.307-311 A complete review of all 
these aspects has been recently published by N. Khlebtsov et al. 
278 From this work  it is evident how the biodistribution of  NPs 30 

among the different organs depends on a variety of parameters 
such as their size and shape, surface coating, amount of incubated 
material, incubation time and injection mechanism. All these 
factors finally regulate the clearance of the L-HNPs from the 
blood, their ability to reach a tumor site, as well as the L-HNPs 35 

removal after a given photothermal treatment has been carried 
out. Although the majority of these models are related to gold-
based nanoparticles, the main aspects can be considered 
independent on the nanoparticle type and so these models are 
nowadays considered as “standards” to evaluate the biological 40 

response to other L-HNPs.  

 
Fig. 31 Fluorescence images of a mouse after intravenous injection of 
luminescent SWCNTs. Figure (A)-(H) correspond to short times after 
injection (<1min) in a mouse free of tumors. Figure (a)-(d) correspond to 45 

the fluorescence images of a tumor at long times (6-72 h) after injection 
(indicated by an arrow). Figure (A)-(H) reproduced with permission from 
Reference 305.  Figure (a)-(d) reprinted (adapted) with permission from J. 
T. Robinson, G. Hong, Y. Liang, B. Zhang, O. K. Yaghi and H. Dai, 
Journal of the American Chemical Society, 2012, 134, 10664-10669. 50 

Copyright (2012) American Chemical Society. 

It is broadly assumed that, after intravenous injection of L-HNPs 
an efficient incorporation into tumors requires long circulating 
times, i.e. large blood half-life. A great effort is being done to 
achieve such long circulating times, which is not an easy task as 55 

many factors could be of significance. Perrault et al. used PEG-
coated spherical gold nanoparticles as a model to investigate how 
relevant was the particle size in determining the blood half-life.312 
PEG coating is usually selected for non-active delivery/targeting 
as it shows a close to zero potential. This, in principle, leads to a 60 

non-interacting surface and allows for long blood half-lives: 
indeed, this coating is used in several pharmaceutical drugs.306 
Figure 30 shows the dependence of the blood half-life of PEG-
coated colloidal gold nanospheres on both particle size and 
molecular weight of PEG coating. It can be seen that the blood 65 

half-life increases for decreasing particle size while, for a given 
particle size, it increases with the amount of PEG coating (PEG 
molecular weight). In particular, the largest half-life times (about 
50 hours) were obtained for gold nanoparticles of about 20 nm 
(core diameter) but with high molecular weight of PEG coating 70 
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(10 KDa). This coat increased the hydrodynamic particle size up 
to about 60 nm (core+shell diameter). At this point, it is also 
important to recall that the size of the L-HNPs vehicles must also 
be optimized in order to maximize the tumor up-taking rate. As it 
has been mentioned previously,266 the uptake efficiency is 5 

optimum for sizes close to 50 nm. Therefore, this size (around 50 
nm) simultaneously optimizes the blood circulating time and the 
uptake rate and, therefore, emerges as the optimum one for 
efficient photothermal treatments.   
The total amount of particles accumulated in a tumor also 10 

depends on the surface coating. For instance, the surface 
(coating) charge of L-HNP has been found to play a relevant 
role.313 Positively-charged nanoparticles were efficiently 
endocytosed by tumor cells, while negatively charged 
nanoparticles spread throughout the whole tumor.313 In any case, 15 

previous biodistribution studies are needed for the selected L-
HNP type before applying a given photothermal therapy. 
 
Luminescence tracking of L-HNPs 

Another important factor to be considered is that suitable imaging 20 

techniques must be used in order to monitor in real time the 
location of L-HNPs during in vivo treatments.  Ideally, each 
particular L-HNP type should provide a mechanism to be 
optically imaged during its circulation in the blood. Otherwise L-
HNPs must be synthesized with additional fluorescent labels that 25 

should also be stable during both the L-HNPs blood circulation 
and photothermal treatment.  There is also the possibility of using 
additional analytical techniques (such as instrumental neutron 
activated analysis316, inductively coupled plasma-mass 
spectrometry317 or high performance liquid chromatography and 30 

immunohistology) to quantify the L-HNPs content in the different 
organs and tissues. Of course, the simplest approach is to use 
luminescent L-HNPs to achieve real-time tracking, since type of 
NP is required and the same excitation source used for the 
photothermal treatment could be used to excite the L-HNPs 35 

luminescence.  
In the literature, there are several examples of real-time tracking 
by means of L-HNPs. As an example, the broad emission 
spectrum of SWCNTs in the second biological window has 
allowed for deep tissue anatomical fluorescence imaging of living 40 

mice.314 S.P. Welsher et al. were able to record the real-time 
circulation of SWCNTs through lungs and kidneys several 
seconds after tail injection and how these nanoparticles were 
mostly located at the spleen and liver at longer times (see Figures 
31(A-H)).314 This pioneer work propelled the study of other novel 45 

nanofluorophores for deep tissue fluorescence imaging in the 
second biological window103, 180. SWCNTs have not only been 
used for real-time biodistribution experiments but also to track 
their incorporation into tumors. Figures 31(a-d) show deep tissue 
fluorescence images of a tumor-bearing mouse after intravenous 50 

injection of CNTs, as reported by J.T, Robinson et al. 315 The 
long circulation times achieved (half-lives longer than 30 hours) 
allowed for an outstanding uptake efficiency by the tumor 
(indicated by arrows in Figures 31(a-d)). Indeed, J.T. Robinson 
et al. claimed that almost 30% of the injected CNTs were finally 55 

accumulated into the tumor. Such a large uptake was evidenced 
by the strong luminescence generated at tumor´s location (see 
Figures 31(a-d)).  
  

 60 

 

Fig. 32 Fluorescence images of a mouse after intravenous injection of a 
solution containing AgS2-QDs as obtained at different times after 
injection. Arrows indicate the location of a subcutaneous xenograft 4T1 
murine tumor. Data reproduced from Reference 318 with permission.318  65 

 
Fig. 33 Top- Fluorescence images of three mice with different tumors 
(indicated by arrows) as obtained at different times after intravenous 
injection of graphene Nano Sheets (NGSs). Bottom.- Pictures of two 
mice with tumors obtained before and after laser irradiation in absence 70 

(no NGSs) and presence (NGSs) of intravenously injected NGSs. 
reprinted (adapted) with permission from  K. Yang, S. Zhang, G. 
Zhang, X. Sun, S. T. Lee and Z. Liu, Nano Letters, 2010, 10, 3318-3323. 
Copyright (2010) American Chemical Society. 

Deep tissue luminescence tracking as well as outstanding tumor 75 

uptake has also been demonstrated by using PEG-coated-Ag2S 
biocompatible quantum dots emitting in the second biological 
window (at around 1200 nm). These nanoparticles display a 
reasonable fluorescence quantum yield (15 %) and so they allow 
for monitoring, in real time, their incorporation into a tumor.318, 

80 

320 Figure 32 shows fluorescence images of a tumor bearing 
mouse after intravenous injection of PEG coated Ag2S-QDs. 
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These nanoparticles had an average hydrodynamic diameter of 
about 54 nm, close to the optimum one. As can be observed, 
Ag2S-QDs are passively accumulated at the tumor site as a result 
of the EPR effect, leading to a strong fluorescence signal at the 
tumor site. It should be noted that, due to its low quantum yield, 5 

these QDs could also act as efficient nanoheaters (i.e. as L-
NHTs). As can be observed from the fluorescent images, the 
maximum QD concentration inside the tumor seems to be 
reached 10 hours after injection. Therefore, this would be a 
suitable time to start a photothermal therapy.   10 

 
Fig. 34 (A) Photograph of a tumor-bearing mouse undergoing a 
photothermal treatment after intravenous injection with a colloidal 
solution containing PEG-coated gold nanocages. Thermographic images 
of (B–E) nanocage-injected and (F–I) saline-injected tumor-bearing mice 15 

at different irradiation times. Data reproduced with permission from 
Reference 321. 321 

At this point, it is important to note that the time required to 
optimize the NP concentration inside tumors after intravenous 
injection will depend on the NP (material, size, shape and 20 

coating). This fact has been evidenced by a work recently 
published by K. Yang et al., who studied the incorporation of 
PEG-coated nanographene sheets (NGSs) into tumor-bearing 
mice after intravenous injection. 319  These authors observed (see 
Figure 33) that the highest intratumoral concentration of NGSs 25 

was achieved 24 hours after the intravenous injection. This was 
experimentally evidenced for three different tumor types.319 In 
this case, since NGSs luminescence was hard to be detected, K. 
Wang et al. labelled NGSs with a NIR emitting dye, so that 
fluorescence tracking of NGSs was possible. Note in Figure 33 30 

how, 24 hours after injection, the fluorescence tumor signal 
clearly dominates over other the signals coming from other 
organs and tissues.319 Again, the authors explained this dominant 

tumor accumulation of NPs as a result of an efficient EPR effect. 
Indeed K. Wang et al claimed that the use of a sheet-like 35 

geometry (2D geometry) should favor the tumor uptake 
efficiency.319  In fact, taking advantage of their heating property, 
these authors demonstrated efficient photothermal therapy of 
tumors by irradiating them with a 808 nm laser beam at moderate 
laser intensities (close to 2W/cm2). As can be observed in Figure 40 

33, the laser-induced tumor heating (with an estimate temperature 
close to 50 ºC) was high enough to eliminate the tumor. Tumors 
not containing NGSs irradiated under the same conditions did not 
experiment any beneficial effect (see Figure 33).  
 45 

Heating Nanoparticles for co-adjuvant therapies 

As we have already mentioned in Section A, photothermal 
therapies based on L-HNPs can be also used in combination with 
other cancer therapies (chemotherapy and radiotherapy).242, 322 In 
this sense, the results provided by R.L. Atkinson et al. should be 50 

mentioned.323 They demonstrated that the incorporation of GNSs 
into solid tumors could improve the efficacy of radiation based 
therapies. Authors incorporated GNSs into solid breast tumors 
that were exposed to both near infrared laser light and a dose of 6 
Gray of ionizing radiation. As a consequence of this dual 55 

treatment, authors observed tumor contraction as well as a 
reduction in the number of stem cells that are especially resistant 
to radiation therapy. In addition, the same authors found that this 
dual treatment makes the tumor less aggressive. 
   60 

The importance of temperature control during therapy 

Finally we would like to point out the importance of real-time 
control over tumor temperature during photothermal treatments. 
Here, it is important to mention that for mice photothermal 
treatments typical temperatures to destroy tumors use to be below 65 

60ºC and higher than 48 ºC, i.e. in the irreversible 
injurytemperature range (see Figure 1). The final tumor 
temperature depends on a number of factors, such as laser 
features (intensity, pulsed or continuous mode, spatial laser 
mode, polarization mode…etc), number of nanoparticles inside 70 

the tumor, irradiation time….etc. Thus the temperature  control in 
real time of the irradiated area and surroundings is essential not 
only in simple photothermal treatments but also in those 
combined  that have been described in the previous paragraph. 
J.Y. Chen et al performed photothermal cancer therapy in several 75 

tumor-bearing mice to account for the importance of temperature 
control during photothermal treatments.321 Mice were 
intravenously injected with a solution containing PEG-coated 
gold nanocages (GNCs) and the photothermal response was 
compared to that from mice injected only with a saline solution 80 

(i.e. without GNCs). Figure 34 shows a photograph of a mouse 
whose tumor containing GNCs was being laser irradiated (with 
an intensity of 0.7 W/cm2). The laser wavelength was that of the 
surface plasmon resonance (808 nm) so that laser radiation was 
efficiently absorbed by GNCs. Figures 34(B-E) include the 85 

surface temperature images of the irradiated tumoral area, as 
obtained at different irradiation times. It can be clearly seen that 
the tumor temperature increases with irradiation time, reaching a 
maximum surface temperature close to 60 ºC for 10 min of 
irradiation. It can also be noticed how the temperature rise profile 90 

spreads out with time, due to heat diffusion. On the other hand, 
the thermal images of the non-injected tumor-bearing mice 
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display only a slight temperature increase during irradiation (see 
Figures 34(F-I)). As we stated in Section A-1 (see also Figure 
1), temperatures close to 60 ºC would lead to irreversible damage 
in cancer cells but, in addition, a severe tissue damage could be 
caused. In other words, an excessive heating could create non 5 

selective damage. In fact, J.Y. Chen et al. also demonstrated that 
even in the case of a complete localization of L-HNPs inside 
tumors, the heat generated under laser irradiation could spread 
out of the tumor and so affecting healthy tissues321. Thus, the 
minimization of collateral damages during photothermal 10 

treatments requires the development of novel techniques capable 
of thermal imaging and sensing, so that both laser intensity and 
treatment duration can be dynamically adjusted to keep 
temperature below the damage limit (60 ºC). As well as in Chen´s 
work, many authors used infrared thermal cameras to achieve 15 

such thermal control. Nevertheless these cameras provide the 
surface (skin) temperature, which could substantially differ from 
the intratumoral temperature. 

E. Conclusions and future perspectives 

In summary, we have presented a detailed review of the diverse 20 

nanoparticles that are currently being used as photothermal 
agents. The goal of these nanoheaters is to achieve highly 
efficient and selective thermal therapies for different diseases, 
although mainly for cancer. It has been shown that many  
nanoparticles (metallic nanoparticles, quantum dots, carbon 25 

nanotubes, graphene-based nanoparticles, rare earth-doped 
nanoparticles and organic nanoparticles) can be used as 
photothermal agents, i.e. show large light-to-heat conversion 
efficiencies. We have provided, for each kind of nanoparticle,  
fundamental information on the physical processes responsible 30 

the light-to-heat conversion. Special  attention has been paid to 
those nanoparticles working in the biological windows (700-1400 
nm), giving their specific spectral working ranges  and 
fluorescence properties, that can provide the additional advantage 
of targeting and tracking by means fluorescence imaging. A 35 

general overview of the different routes for the synthesis of each 
system has also been provided. Finally, this work also includes a 
detailed description of the state of the art concerning the use of 
these photothermal agents for in vitro and in vivo therapies. We 
have paid special attention to highlight the critical points that 40 

could limit the efficacy of a thermal treatment, so that the reader 
could extract basic ideas for the design and establishment of 
adequate experimental protocols towards non-invasive, efficient 
photothermal treatments. 
When looking for the optimum nanoparticles for photothermal 45 

therapies we have concluded that, at the present time it is not 
possible to highlight one single system above the others, since a 
great variety of parameters are involved. For instance, the right 
nanoparticle to be used will depend on the spectral properties of 
the light source available for heating as well as the location and 50 

type of the target tissue. Nevertheless, according to the results 
reported up to now it is clear that both gold nanoparticles and 
carbon nanotubes are the most developed, controlled, and 
understood nanoparticles. Both have demonstrated large heating 
efficiency and outstanding biocompatibility. However,  they have 55 

the main drawback of showing a weak fluorescence, which makes 
hard to track them in real in vivo treatments. In this respect, other 

systems emerge as promising nanoheaters, such as quantum dots, 
rare earth doped nanoparticles and organic nanostructures. On the 
other hand there is a need for searching the best wavelengths 60 

within the biological windows, in order to get the deepest tissue 
penetration for real photothermal therapy. Thus, there still is a 
large field of improvement and work to be done  before  these 
nanoheaters can be clinically used as photothermal agents. For 
sure, this will be one of the main working areas in the field of 65 

nanotechnology during next years. 
From this review, it is also concluded that efficient photothermal 
therapies require real-time control over the temperature increment 
induced. This implies the incorporation of luminescent 
nanothermometers in the volume to be treated simultaneously 70 

with the photothermal agents. This possibility, which would 
allow for real-time monitoring of temperature and dynamical 
control over treatment parameters, has already been demonstrated 
by using, simultaneously, two kinds of nanoparticles. The next 
step would obviously be the development of heating 75 

nanoparticles capable, at the same time, of heating and 
temperature reading. We predict that, in the near future, 
multifunctional nanoparticles will be developed offering heating 
and sensing in a single structure. The use of such fluorescent 
heating and thermometric nanoparticles will not only allow for 80 

the development of imaging-guided photothermal therapies 
(already possible by the combination of many different 
techniques such as CT, MRI, PET and PA) but also to achieve 
real time tumor thermal sensing. This last being a very 
challenging objective. 85 

Additionally, the research on new therapies will very likely be 
focused not only in the development of novel heating 
nanoparticles but also in the development of novel light-to-tissues 
transfer mechanisms.  
Finally, we believe that further development of photothermal 90 

therapies does not only call for the synthesis of novel 
nanoparticles with extended functionalities, but also requires the 
creation of new experimental apparatus. These novel setups 
would allow for complex experiments in which heating, 
nanoparticle tracking, thermal sensing and health-related 95 

parameter recording could be simultaneously achieved. 
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