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Abstract

Photothermal therapy (PTT), which employs nanoscale transducers delivered into a tumor to 

locally generate heat upon irradiation with near-infrared light, shows great potential in killing 

cancer cells through hyperthermia. The efficacy of such a treatment is determined by a number 

of factors, including the amount, distribution, and dissipation of the generated heat, as well as the 

type of cancer cell involved. The amount of heat generated is largely controlled by the number of 

transducers accumulated inside the tumor, the absorption coefficient and photothermal conversion 

efficiency of the transducer, and the irradiance of the light. The efficacy of treatment depends 

on the distribution of the transducers in the tumor and the penetration depth of the light. The 

vascularity and tissue thermal conduction both affect the dissipation of heat and thereby the 

distribution of temperature. The successful implementation of PTT in the clinic setting critically 

depends on techniques for real-time monitoring and management of temperature.

Graphical Abstract

Photothermal therapy demonstrates great potential in killing cancer cells through hyperthermia. 

The effect is affected by lots of parameters, such as the laser, photothermal transducers, spatial 
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distribution of the transducers, bio-effect of the tissue (heat-sink effect, thermal conductivity), 

real-time monitoring of the temperature.
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1. Introduction

Hyperthermia refers to an acute condition that occurs when the body produces more heat 

than it can be dissipated. Clinically, hyperthermia can be created artificially using drugs 

and/or medical devices and leveraged for cancer treatment.[1,2] If the temperature surges 

to 42 °C and above, it will cause many proteins in the cell to irreversibly denature and 

thus induce apoptosis. In addition, the elevated temperature can enhance chemotherapy, 

offering an opportunity to reduce the amount of the therapeutic agent without compromising 

its efficacy toward a treatment.[3] In the past, the generation of heat typically involves the 

use of external electromagnetic waves with wavelengths in the radiofrequency, ultrasound, 

or microwave region.[4–6] These methods often lack selectivity and have significant side 

effects as a result of severe damage to the normal tissues surrounding a tumor. Recently, 

localized hyperthermia enabled by the magnetic nanoparticles delivered into a tumor has 

received considerable attention owing to its potential for localized, target-specific heating.[7] 

In principle, such a technique can be applied to exclusively heat the tumor by means of 

energy loss from the magnetic nanoparticles placed in an external alternating magnetic field, 

helping improve the selectivity and efficacy of a treatment.

Parallel to the magnetic means, localized hyperthermia based on photothermal conversion 

has also gained major attention in recent years.[8–11] The component key to this approach is 

a photothermal transducer or agent (typically, in the form of nanoparticle) that can absorb 

light and then convert the absorbed photons to phonons (i.e., heat) with high efficiency. 

In such a treatment (Figure 1), known as photothermal therapy (PTT), each transducer 

acts as an individual heating unit, offering an opportunity to realize localized hyperthermia 

with high spatial resolution. When conjugated with an antibody or other targeting ligands, 

the transducer can be equipped with the ability to selectively target a cancer cell by 

binding to the specific receptor overexpressed on the membrane.[12,13] By controlling the 

irradiance and/or duration of the light, this approach offers a highly selective means for 

cancer treatment, with damage to the exposed healthy tissues being potentially minimized 

to a negligible level. One of the technical requirements for in vivo applications is that 

the absorption peak of the transducer must be tuned into the near-infrared (NIR) region, 

including the 650–950 nm and 1000–1350 nm windows, in which the attenuation of light by 

blood and soft tissues is low enough to allow for deep penetration.[14,15]

Despite the successful implementation in a number of animal tumor models, the efficacy of 

PTT is still limited by a set of challenges (Figure 1), including the inadequate accumulation 

and often non-uniform distribution of the nanoscale transducers inside a solid tumor, the 

difference in heat dissipation between the central and peripheral regions, and the attenuation 
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of light by the transducers themselves along the propagation path. In this review, we start 

with a brief introduction to the interactions between tissues and electromagnetic waves 

of different wavelengths, as well as the optical properties of various types of nanoscale 

transducers. We then discuss the biological barriers that affect the accumulation and 

distribution of nanoscale transducers in a solid tumor. Since the spatial-temporal profiles 

of temperature play a key role in a hyperthermia treatment, we also address technical issues 

related to heat dissipation, thermal conduction, as well as temperature monitoring during 

PTT.

2. Hyperthermia Therapy

During hyperthermia therapy, cells and tissues are exposed to elevated temperatures 

typically up to 10 degrees above the physiological temperature around 37 °C. The 

therapeutic effect of hyperthermia is mainly determined by the temperature, duration of 

heating, cancer type, and the ambient environment. In general, cancer cells are more 

sensitive to hyperthermia than normal cells because of their differences in extracellular 

microenvironment.[16,17] Due to the disorganized vascularity, the supplies of oxygen and 

nutrients cannot meet the demands of the growing tumor mass, resulting in the development 

of a hypoxic, acidic, and malnourished microenvironment.[18] Several studies have reported 

that cells under hypoxic and/or acidic conditions are more sensitive to the lethal effect 

from hyperthermia than cells in a normal environment.[19] Another reason for the increased 

thermo-sensitivity of tumor cells is the low capacity of heat dissipation. In healthy tissues, 

blood flow can increase dramatically with temperature in an effort to maintain the normal 

condition. The maximum flow capacity can be almost six times as high as the value prior 

to heating. In comparison, most solid tumors do not have this adaptive capacity due to their 

irregular vascularity and they can only double the maximum flow capacity when subjected 

to heating. As a result, the tumor is more quickly heated to the lethal temperature relative to 

healthy tissues.

Hyperthermia therapy will induce a variety of biological effects and these effects are 

usually temperature-dependent. Temperatures in the range of mild hyperthermia (39–41 

°C) are non-lethal and can increase blood flow and metabolic rates, accelerating tissue 

healing. Mild hyperthermia will cause cell inactivation for several hours. However, heat 

shock responses will be initiated to combat the thermally-induced damage. This process 

includes the release of heat shock proteins, which will increase thermal resistance (known 

as thermotolerance) in the survival cells. The resistance is a temporary phenomenon, which 

can be overcome through prolonged heating.[20] Mild hyperthermia can improve antitumor 

immune responses, since it induces apoptosis and necrosis of cancer cells and produces 

enormous amounts of cell debris. The neoantigens in the debris stimulate the immune 

system and inhibit the growth of distal tumors, which is known as “abscopal effect”. 

However, the abscopal effect induced by hyperthermia is weak and insufficient for cancer 

inhibition. Combination with immunotherapy by blocking the immune checkpoint using 

the inhibitors of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4),[21] indoleamine 2, 

3-dioxygenase (IDO) [22,23] and programmed death-ligand 1 (PD-L1),[24, 25] is demonstrated 

to be a potential method to strengthen the therapeutic effect. There are also other 

possible mechanisms involving the hyperthermia-assistant immune responses, including 
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the generation of heat shock proteins, regulation of immune cell proliferation, increased 

release of cytokines and tumor necrosis factor-alpha (TNF-α), as well as the promotion of 

lymphocyte trafficking.[26–28]

For the above reasons, hyperthermia therapy is usually carried out at a temperature in 

the range of 42–47 °C. Cancer cells will be killed in a time- and temperature-dependent 

manner.[29] Although the exact mechanism of cell killing by hyperthermia is still unclear, 

many reports indicate that protein denaturation is the key event in the disruption of cellular 

homeostasis.[30] For different types of cells, the onset temperatures for protein denaturation 

vary. When the temperature rises beyond 41 °C, protein denaturation will occur in a variety 

of organelles, including microsomal membranes, mitochondria, cytosol, nucleus, and nuclear 

matrix.[30–32] The protein denaturation will directly cause the inactivation of enzymes and 

reducing the binding capability of membrane receptors.[33] It was shown that denaturation of 

10% of the cellular proteins would cause over 95% of V79 cells to die, whereas nearly no 

killing effect was observed when the level of denaturation was below 5%.[32] In addition to 

the direct cytotoxic effect, hyperthermia will impair the supply of oxygen and nutrients and 

thereby alter the tumor microenvironment due to the collapse of tumor vasculature and the 

decrease of blood flow when the temperature is raised above the critical point of vascular 

stasis. Taken together, hyperthermia in the temperature range of 42–47 °C offers an effective 

means for cancer treatment.[34]

When the temperature is beyond 48 °C, thermal ablation typically occurs at local 

sites. Irreversible damages to critical cellular proteins, vasculature, and tissue structural 

components will appear within a few minutes at such high temperatures. The mechanism 

of thermal ablation differs from what is involved in hyperthermia therapy. The high 

temperature will induce drastic activation of cell death and coagulative necrosis. 

Denaturation of proteins, inactivation of enzymes, collapse of cell membrane, and 

dysfunction of mitochondria can all be observed.[35] At temperatures above 60 °C, 

immediate cellular destruction occurs irrespective of the tissue histology. Meanwhile, the 

time needed to achieve irreversible damage decreases exponentially.[36] Thermal ablation 

offers a number of advantages for cancer treatment, but its capability is often limited by 

factors such as temperature heterogeneity inside the tumor and potential overheating of the 

surrounding healthy tissues.

3. The Irradiation Source for PTT

The ability of electromagnetic waves to penetrate through tissues is crucial to their use in 

both diagnostics and therapy. The propagation of an electromagnetic wave in a biological 

tissue is determined by the fundamental optical properties of the tissue, including absorption 

coefficient (μa), scattering coefficient (μs), anisotropy coefficient (g), and index of refraction 

(n).[37] These properties depend on the wavelength of the electromagnetic wave and vary 

between tissues owing to their different compositions (Figure 2A). For γ- and X-rays, both 

of them have extremely short wavelengths with high energies and can ionize the outer 

electrons, leading to high transparency in vivo. Light with wavelengths longer than X-ray is 

nonionizing and can be divided into two types according to their scattering and absorption 

by the tissues. Radiations from 1 MHz to 300 GHz (microwave and radio waves) with 

Shen et al. Page 4

Small. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



wavelengths comparable to the size of cells exhibit little scattering by tissues.[38] However, 

significant scattering and molecular absorption will be observed in tissues for light with 

wavelengths in the range of 0.2–100 μm (ultraviolet, visible, NIR, and infrared).[37,38] The 

strong absorption is mainly caused by the interaction between light and tissue when the 

photon energy matches the energy gaps involved in electronic, vibrational, and translational 

transitions of the molecular species in tissue.

The penetration depth of ultraviolet (UV) light in skin is typically no more than 200 μm due 

to the high absorption and scattering coefficients (Figure 2B).[39,40] Therefore, UV is usually 

used for superficial diseases such as skin infections and wound healing. For the visible light, 

the absorption coefficients of tissues vary greatly, while the scattering coefficients decrease 

monotonically as the wavelength increases (Figure 2C).[39,40] The absorption coefficient of 

tissue is mainly determined by a variety of components with distinct absorption spectra, 

including blood, water, melanin, lipid, bilirubin, and beta-carotene (Figure 2D).[37] Among 

these, blood and water are responsible for the light absorption of tissue. The light absorption 

by blood in the region of 400–650 nm mainly originates from hemoglobins.[37,42] Water is 

nearly transparent in the region of visible light and becomes absorbing over the NIR region.
[37] Due to the significantly-increased absorption of blood at shorter wavelengths and that of 

water at longer wavelengths, two transparent windows in the NIR region (650–950 nm and 

1000–1350 nm) are typically used for PTT, as well as for in vivo optical imaging (Figure 

2D).[14,15,43] Second NIR light (NIR-II) is reported to possess better biological transparency, 

deeper penetration, less energy dissipation and minimal normal-tissue toxicity.[44–46]

Infrared light can only penetrate several millimeters into soft tissues because of the strong 

absorption of water in the infrared region (Figure 2E). As the wavelength increases, the 

absorption of water decreases in the microwave region (Table 1),[38] so the penetration 

depth increases significantly. Microwave is largely transparent to soft tissues and can 

penetrate several centimeters into those with low water contents. Far-infrared and microwave 

radiations will excite the vibrational and rotational modes of water molecules and thus 

generate heat (Figure 2A). Due to a good combination of penetration depth and heat 

generation, microwave has also been used for hyperthermia therapy. When the wavelength 

is increased to one meter (<300 MHz in frequency, radio region), the radiation becomes 

transparent to water again (Figure 2E).[37,47]

4. Photothermal Transducers

4.1. Photothermal Conversion Efficiency

Upon the irradiation of a photothermal transducer with NIR light, some of the incident 

photons will be scatted while some of them will be absorbed. The extinction of light is 

determined by both scattering and absorption. The absorption efficiency (Φabs) is defined 

as the ratio of absorption coefficient (αabs) to extinction coefficient (αext=αabs+αsct), that 

is, Φabs = αabs/αext..[48] The extinction coefficient is related to the concentration (N) of 

illuminated NPs and the extinction cross section (σext) by: σext= αext/N.

To measure the absorption efficiency of the photothermal transducers, theoretical and 

experimental methods have been developed. As a conventional method, UV-vis-NIR 
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spectrometer has been widely used to determine the extinction spectra of photothermal 

transducers. In general, one has to rely on theoretical calculations to separate the extinction 

coefficient into scattering and absorption components. In this respect, the Mie theory can 

be applied to spherical particles, while the discrete-dipole approximation (DDA) method 

is typically used for nanostructures with other geometric shapes. Using DDA method, the 

scattering and absorption spectra of gold nanocages and nanoboxes with four different sets 

of geometric parameters have been investigated (Figure 3). The results indicate that gold 

nanoboxes with a smaller size exhibit a higher absorption coefficient than larger ones owing 

to the decrease in scattering component.[49,50] This phenomenon has also been observed in 

both gold nanospheres and nanorods.[51,52]

To experimentally measure the photothermal conversion efficiency, several techniques 

have been developed. Our group demonstrated the use of photoacoustic imaging to 

experimentally measure the absorption coefficients of gold nanostructures. The almost linear 

correlation between photoacoustic signal and absorption coefficient makes this mothed ideal 

for the determination of photothermal conversion efficiency.[53] To derive the photothermal 

conversion efficiency more conveniently, we also developed a simple device based on 

plasmon-assisted optofluidic technology. The efficiency can be calculated by measuring 

the volumetric expansion of a suspension containing the transducers in a glass capillary.
[54] With this homemade system, the absorption coefficients and photothermal conversion 

efficiencies of gold nanocages, nanorods, and hexapods were measured and compared. 

Double beam fluorescence thermometry has also been reported as an adequate and reliable 

technique for determining the absorption coefficients of photothermal transducers. Using 

thermosensitive fluorescent quantum dots as a sensor, the absorption and photothermal 

heating efficiency of gold nanoparticles with different morphologies (nanorods, nanocages, 

nanoshells, and nanostars) were obtained.[55]

4.2. Diversity of Nanomaterials

An ideal photothermal transducer should have both a large absorption coefficient and a 

high absorption efficiency in the NIR region, together with a low quantum yield for 

luminescence to ensure efficient light-to-heat conversion. In addition, the photothermal 

transducer should be biocompatible, nontoxic, and capable of accumulating inside the solid 

tumor. A wide variety of photothermal transducers have been developed and successfully 

applied to PTT. Table 2 shows a partial list of the reported transducers, which can be 

divided into subgroups in different ways: for example, inorganic vs. organic, metallic vs. 
semiconducting, and nanoscale vs. molecular. Depending on the composition and structure, 

the molar extinction coefficients and absorption efficiencies of the photothermal transducers 

can differ significantly.

Inorganic photothermal transducers include nanostructures made of Au, transition metal 

dichalcogenides, and many other types of materials. Owing to their tunable localized surface 

plasmon resonance (LSPR) in the NIR region, gold nanostructures such as nanorods, 

nanostars, nanoshells, nanoboxes, and nanocages have all been extensively explored for 

PTT. The LSPR properties of Au nanostructures are strongly affected by their size, shape, 

and structure (solid vs. hollow). Hence, the absorption peaks can be tuned into the NIR 
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region by varying the aspect ratio (length/width) for nanorods and nanostars or shell 

thickness/composition for nanoshells, nanoboxes, and nanocages.[11,48,49,68–71] As shown 

in Figure 4, the increase of aspect ratio or reduction in shell thickness will cause a red-shift 

to the LSPR peak. On the other hand, the physical dimensions of the nanostructures can 

affect the absorption efficiency.

Carbon nanomaterials, including single-walled carbon nanotubes (SWCNTs), multi-walled 

carbon nanotubes (MWCNTs), and graphene and its derivatives, have also been actively 

explored for PTT. The absorption of SWCNTs in the NIR region (650–1600 nm) is due 

to the “Van Hove transitions”, while the absorption in the UV-vis region (450–650 nm) 

originates from the π plasmon resonance.[71,73] The photothermal conversion occurs during 

the de-excitation processes between Van Hove states.[48] Luminescence is also observed at 

the same time, albeit the quantum yield is very low (usually, below 1%).[74] Carbon-based 

nanomaterials with various morphologies display strong, continuous absorption over a broad 

region of 700–1200 nm. This is quite different from Au nanostructures, which are typically 

limited to the relatively narrow LSPR peaks.[48,75]

Although both Au- and carbon-based nanostructures are promising for clinic application 

owing to their bio-inertness, their long-term metabolism has raised concerns because of their 

non-biodegradable nature. To address this issue, transition metal sulfides and oxides, such 

as CuS,[76] MoS2,[77] and WS2
[78] have emerged as a new class of inorganic photothermal 

transducers. When prepared as nanostructures, the NIR absorption of these materials can 

be mainly attributed to LSPR. According to an in vivo study, about 90% of the CuS 

hollow nanoparticles could be eliminated through hepatobiliary and renal excretion within 

one month post intravenous injection, while only 2.3% of Au hollow nanospheres with a 

similar size and morphology was eliminated.[79] Besides, changes to the liver tissue caused 

by the CuS hollow nanoparticles were reversible, while the Au hollow nanospheres led to 

irreversible changes in terms of proteomic profile because of the non-metabolizability of Au.

Many organic photothermal transducers with good biocompatibility have also been 

developed and explored for PTT. Porphysomes—nanoparticles self-assembled from 

phospholipid-porphyrin conjugates—possess a liposome-like structure and exhibit strong 

absorption of NIR light due to the inclusion of porphyrin unit. The porphysomes can 

overcome the drawback of small extinction coefficients associated with the traditional 

organic dyes, exhibited an extremely large coefficient of 2.9 × 109 M−1 cm−1 (ε680) due to 

the high porphyrin packing density. Besides, the absorption peak and extinction coefficient 

can be tuned by employing different types of porphyrins.[64] Other organic materials such as 

polyaniline (PANi),[61,80] polypyrrole (PPy),[60,81] naphthalenediimide-based metal-organic,
[82] quaterrylenediimide,[83] and phenothiazinium[84] have also been explored. During the 

synthesis, doping with suitable materials (usually, transition metals, acids, and alkali 

ions) is important for achieving absorption in the NIR. After doping, inter-band states 

between the valence and conduction bands will be generated to increase the mobility of 

electrons and reduce the energy gap, resulting in a red-shift for the absorption peak to the 

NIR.[85] Nanoparticles made of conjugated polymers exhibit large extinction coefficients, 

which are significantly greater than the conventional organic dyes, and can even become 

comparable to inorganic materials. The last but not least, small NIR dye molecules such 
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as indocyanine green (ICG),[86] IR 780,[87] IR 808,[88] have all been explored as efficient 

photothermal transducers for PTT. They are typically loaded in organic carriers such as 

liposomes, polymer nanoparticles, micelles, and protein nanoparticles. Their encapsulation 

in nanoparticles can reduce the elimination rate, improve the photostability relative to free 

dyes, decrease the side effects, and increase tumor accumulation.

4.3. Photostability during PTT

During PTT, the tumor usually needs to be irradiated with the NIR light several times. An 

ideal photothermal transducer should not only have a high absorption efficiency and low 

toxicity but also great stability during the irradiation for continuously generating therapeutic 

effect. As widely used photothermal transducers, the photostability of Au nanostructures is 

quite different under continuous-wave (CW) and pulsed laser. Under the irradiation of CW 

laser, Au nanocages and nanostars were very stable,[89,90] while Au nanorods tend to be 

photobleached after long time irradiation.[91] Due to the extremely high energy of a pulsed 

laser, various kinds of Au nanostructures will be destroyed. For example, Au nanocages,[92] 

nanorods,[93] and nanoshells,[94] all melted and evolved into spherical particles upon the 

irradiation with a nanosecond or femtosecond pulse laser, accompanied by the disappearance 

of absorption in the NIR region and appearance of absorption in the visible region. The 

laser-induced melting of Au nanorods is dependent on both the laser energy and pulse 

width. At moderate energies, the femtosecond laser melted the nanorods to nearly spherical 

particles of comparable volumes while the nanosecond laser fragmented the nanorods 

into smaller, near-spherical particles. At high energies, fragmentation was also observed 

for the case of femtosecond laser.[93] The photothermal instability of Au nanostructures 

is owing to the physical deformations caused by extremely high temperatures within a 

short period of time.[93] By coating or grafting with other materials, the photostability 

of Au nanostructures can be improved significantly. For example, the photostability of 

Au nanorods was substantially improved after coating with silica. Besides, increase the 

thickness of the silica shell could further improve the stability of Au nanorods.[95] Reduced 

graphene oxide has also been used to enhance the photostability of Au nanorods when 

applied as a shell.[96]

For nanoparticles made of conjugated polymers such as PANi[61] and PPy,[97] they are 

able to survive a long period of irradiation with continuous-wave laser. Being comprised 

of organic dyes, porphysomes are potentially photobleached under irradiation. However, 

when Mn2+ was incorporated to generate Mn-porphysomes, the photostability was improved 

significantly when compared to the original system.[98] Free NIR dyes such as ICG and 

IR 780 tend to be photobleached after irradiation with continuous-wave laser for several 

minutes. As such, they are rarely used for PTT in the form of free molecules. By loading 

them into nanoparticles, the photostability can be greatly improved.[99,100] In general, 

packaging or coating with other materials to form hybrid structures is a feasible approach to 

improving the photostability of most photothermal transducers.
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5. Optimize the Distribution of Photothermal Transducers in the Tumor

5.1. Extravasation and Accumulation of Nanoparticles in the Tumor

Though successful to a certain extent, cancer recurrence can still occur post PTT. This can 

be partially attributed to the limited intra-tumoral accumulation of photothermal transducers, 

as well as their inhomogeneous distributions due to the disorganized vascularity in a solid 

tumor and their inefficient uptake by cancer cells (Figure 1).

Upon intravenous injection, only a small fraction of the transducers will be accumulated 

inside the tumor; the majority is likely subjected to the mononuclear phagocyte system 

(MPS)-mediated elimination or excretion through kidney when featuring a size smaller 

than 5.5 nm.[101] To mitigate MPS clearance, PEGylation—surface modification with 

poly(ethylene glycol) (PEG) chains in either covalent or non-covalent manner—has been 

broadly applied to render the nanoparticles with a stealth property by reducing the formation 

of protein corona.[102] The efficiency of delivery is also dependent on the particle size. 

The rapid growth of tumor tissue leads to the formation of pores in the immature tumor 

blood vessels, which are permeable to nanoparticles. The cutoff size of the pores varies 

from 400–600 nm to several micrometers depending on the tumor type, indicating that 

nanoparticles smaller than 400–600 nm should have no problem to extravasate into the 

tumor matrix.[103–105] Meanwhile, the uptake by liver and spleen, two major MPS organs, 

and the resultant clearance are also size-dependent. Specifically, particles smaller than 50 

nm can pass through the liver vessels and interact with hepatocytes, whereas particles greater 

than 400 nm in size will be likely eliminated by the spleen.[103] As such, nanoparticles with 

sizes in the range of 100–200 nm are generally believed to be optimal for increasing tumor 

accumulation and reducing MPS clearance.[106] Of course, there are always exceptions. For 

example, the amount of Fe3O4 nanoparticles with a diameter of 310 nm accumulated in 

a solid tumor was much greater than its smaller counterparts (e.g., 60, 120, or 200 nm), 

suggesting that the intra-tumoral accumulation of particles was not solely determined by the 

particle size.[107]

It was reported that the surface charge on nanoparticles also played an important role in 

regulating their pharmacokinetics and biodistribution. In particular, nanoparticles with a 

more positive zeta-potential (ξ >10 mV) tend to suffer from a remarkable reduction in blood 

availability due to the serious aggregation effect between the positively charged particles 

and the negatively charged proteins, leading to non-tolerable side effect. For negatively-

charged particles (ξ <−10 mV). they tend to be recognized and cleared by MPS. For nearly 

neutral particles (−10 mV to +10 mV), they have been proven to feature a longer blood 

half-life, and thus a greater level of accumulation in tumors.[106,108] Furthermore, growing 

evidences suggest that the shape or morphology of nanoparticles can also affect their fate 

in vivo. As an example, our group investigated the shape-dependence of biodistribution 

and pharmacokinetics by focusing on a set of Au nanostructures including nanohexapods 

(50 nm), nanorods (9×36 nm), and nanocages (47 nm). It was shown that anisotropic 

nanostructures such as nanorods and nanohexapods were accumulated more efficiently 

with respect to isotropic nanostructure like nanocages at 24 h post administration (8.4, 
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7.2, and 2.6% injected dose/g tumor tissue for nanorods, nanohexapods, and nanocages, 

respectively).[57]

5.2. Penetration and Diffusion of Nanoparticles in the Tumor

Although nanoparticles with appropriate sizes can accumulate in the tumor efficiently, it 

is still hard to realize a homogenous distribution throughout the tumor. A large portion 

of the particles only accumulate at the periphery of a tumor where abundant vessels in 

high perfusion speed exist, leaving the poorly vascularized, hypoxic inner tumor tissue less 

populated by the particles. This would greatly reduce the treatment efficacy and provide 

a strong driving force for recurrence. Investigations suggest that the limited penetration of 

nanoparticles can be partially attributed to the increased interstitial fluid pressure caused 

by the dysfunctional lymphatics system in the tumor, as well as the stiff extracellular 

matrix.[109] Particularly, a high interstitial fluid pressure will likely increase the outflow 

of proteins together with other molecules from the tumor interstitial vessels to the blood 

stream, disrupting the distribution of particles that rely largely on the convective flow.[110] 

The tumor extracellular matrix, which is composed of elastic collagen fibers and a network 

of proteins and glycosaminoglycans, plays a crucial role in determining the penetration 

of nanoparticles. The content of collagen in tumors is higher than that in normal tissues, 

and is cross-linked by the increased level of lysyl oxidase, contributing collectively to a 

denser and stiffer tumor extracellular matrix.[109] Besides, it is worth noting that mean tumor 

inter-capillary distances generally range from approximately 80 to hundreds of micrometers, 

presenting another obstacle to prevent nanoparticles from reaching tumor cells that are away 

from vessels.[111,112] As such, nanoparticles smaller in size hold greater promise relative to 

their large counterparts in terms of penetration ability except for the ultrafine particles (<5.5 

nm), which will be subjected to renal clearance as mentioned above.[113,114]

Based on our evaluation, Au nanocages with a size of approximately 48 nm could penetrate 

deeply into the inner portion of the solid tumor post intravenous injection. The amount 

of accumulation at the tumor boundary and in the center differ by more than two folds, 

indicating a heterogeneous distribution as expected.[114] In a different study, the distributions 

of various Au nanoparticles differ in size were also visualized under a microscope through 

silver enhancement.[115] At 8 h post injection, a size-dependent accumulation was observed, 

in which the migration of 20-nm particles toward the interstitial space was the longest 

in all the groups tested, whereas the 60- and 100-nm particles tended to be entrapped 

perivascularly.[115]

Considering that nanoparticles with larger sizes are better for tumor accumulation 

and retention, while nanoparticles with smaller sizes are more suitable for tumor 

penetration, size-switchable nanoparticles were developed to simultaneously realize both 

high accumulation and homogeneous distribution inside a tumor.[116–118] To this end, 

nanoclusters based on tetrachloroperylene monoamide were developed for deep penetration, 

which could disassemble into smaller particles when triggered by carboxylesterase 

(Figure 5A).[118] The size of the nanoclusters was switched from ~100 nm to 

~10 nm (Figure 5B) after dispersion in carboxylesterase solution for 12 h, making 

them distributed more uniformly inside a tumor (Figure 5C). In another study, size-
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switchable micelles were developed from pH-sensitive poly(4-formylphenyl methacrylate-

co-2-(diethylamino) ethyl methacrylate)-b-polyoligoethyleneglycol methacrylate (P(FPMA-

co-DEA)-b-POEGMA).[119] The polymer was amphiphilic at pH=7.4 and became 

hydrophilic at pH=6.6 (Figure 5D). The micelles showed a significant change in size from 

126.3 ± 5.6 nm at pH=7.4 to 12.1 ± 0.9 nm at pH=6.6 (Figure 5E). The penetration 

capability could be greatly enhanced at pH=6.6 due to the major reduction in size (Figure 

5F).

In addition to particle size, the surface charge also plays a pivotal role in affecting the 

penetration of nanoparticles. Specifically, neutral nanoparticles (ξ potential: ± 10 mV) 

are much less vulnerable to the extracellular matrix-mediated entrapment caused by the 

protein-particle interaction than their highly-charged counterparts,[120] leading to deeper 

penetration and more homogeneous distribution. Furthermore, surface functionalization with 

targeting moieties will provide the nanoparticles with additional affinity toward specific 

cells expressing certain receptors, and thus allow for deeper penetration than passive 

accumulation.[121]

5.3. Cellular Internalization of the Nanoparticles

Although the effect of PTT is independent of nanoparticle internalization, efficient 

cellular uptake will make cancer cells more sensitive to heat, increasing the therapeutic 

efficiency. It was reported that the internalized Au nanorods could induce necrotic cell 

death at a rate much faster than it was achieved using nanoparticles bound to plasma 

membrane only.[122,123] A similar effect was also observed when using carbon nanotubes 

as the photothermal transducer.[124] Collectively, these results support the notion that 

internalization of photothermal transducers plays a crucial role in PTT. Given that nearly all 

organelles and cellular components (e.g., DNA and protein) are susceptible to heat stress and 

they are located inside cells, it is reasonable to understand why the internalized nanoparticles 

tend to outperform those bound to plasma membrane only during PTT.

The size of nanoparticles also plays a dominant role in affecting the cellular internalization 

in terms of speed and efficacy. Particles ranging from a few nanometers to a few 

micrometers (up to 5 μm) can be internalized by cells through distinct energy-consuming 

mechanisms. Particularly, large particles (especially, those with sizes over 1 μm) can be 

readily internalized by phagocytic cells through a process known as micropinocytosis, 

whereas small particles are favored by non-phagocytic cells.[125,126] The size-dependence 

of nanoparticle uptake has been extensively studied. As an example, the internalization of 

Au nanoparticles with a diameter of ~50 nm by cells is more efficient than smaller (14 or 

30 nm) or larger (74 nm or100 nm) counterparts via receptor-mediated endocytosis (Figure 

6A).[115] Iron oxide nanoparticles also exhibit size-dependent cellular uptake as particles 

of 37 and 65 nm in diameter were internalized faster than the 8- and 23-nm counterparts.
[127] When the particle size was increased from 60 to 300 nm, the internalization efficacy 

dropped drastically, implying the presence of complicated interplay between the particle size 

and the endocytic behavior.[107] The limited uptake of very small or large nanoparticles 

may be caused by the down-regulation of a specific receptor so that nanoparticles of 

certain sizes can efficiently activate endocytic cascade through their ability to adjust the 
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distribution of potential receptors (Figure 6B–C).[128] Although small particles showed a 

lower internalization efficacy than that of 40–60 nm, ultrasmall (<6 nm) particles tend to 

accumulate in the nucleus and are useful for nucleus gene and drug delivery.[129–131]

The shape of nanoparticles also affects their manner of cellular internalization. For example, 

the uptake of rod-shaped Au nanostructures by cells is lower than the spherical counterparts, 

and the internalization efficacy has a negative correlation with their aspect ratio.[115] As 

shown by computational analysis, the cellular uptake of anisotropic nanostructures such as 

nanorods is not energy favorable due to the formation of endocytic vesicles bearing large 

curvature. This trend is consistent with the observation that even Au nanohexapods and 

nanocages could be internalized more efficiently than nanorods under identical conditions 

(Figure 6D).[57]

For both phagocytic and non-phagocytic cells, positively-charged nanoparticles are generally 

more efficient for internalization through the electrostatic interaction relative to neutral 

and negatively-charged particles. Surface modification such as PEGylation is usually 

used to avoid the recognition and clearance by macrophages for generating a strongly-

hydrophilic coating, but it will also sterically prevent nanoparticles from accessing the 

cancer cell. In an aim to address this issue, several strategies, including the introduction 

of pH-sensitive bonds,[132] and matrix metalloproteinase cleavable peptides,[133] have been 

proposed to intelligently remove the PEG coating once they have entered into the tumor 

microenvironment.

6. Challenges in PTT

For the application of PTT in clinic, it should be noted that although exciting outcomes 

have been achieved, PTT is presently in the proof-of-concept stage. Nanomaterials with 

good biocompatibility and high targeting ability for malignant tumors is in urgent need 

for clinical applications. Since, most of the nanomaterials are located in reticuloendothelial 

system, while only a small fraction could be accumulated in the tumor regions.[134] What’s 

more, a uniform distribution of the photothermal transducers is a prerequisite for the 

homogeneous generation of heat during the PTT, but it has been difficult to accomplish 

in many cases. In addition, several other challenges may also arise when regulating the 

intra-tumoral heat distribution and improving the therapeutic effect, including blood vessel 

perfusion, tumor size, the location of photothermal agents, the thermal conductivity of tumor 

microenvironment, as well as the real-time temperature monitoring.

6.1. Heat-Sink Effect

The highly-vascularized peripheral tumor section has been shown to reduce the potency of 

the thermal effect because of the heat-sink effect, with respect to the inner tissue of a solid 

tumor.[135,136] Specifically, the high blood perfusion rate of the vessels can lead to rapid 

dissipation of heat, making it hard to realize the eradication of tumor lesions near a large 

vascular structure, and this is known as the heat-sink phenomenon.[137] During PTT, the 

abundant vasculature will result in more accumulation of the photothermal transducers and 

thus high temperature upon NIR irradiation.[138] On this basis, more efforts should be paid 

to the inner part of the solid tumor instead of the peripheral region. In contrast, traditional 
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hyperthermia approaches such as radiofrequency ablation (RFA) and high intensity focused 

ultrasound (HIFU) usually elevate the temperature in the focused center rather than in the 

peripheral region. The complementary heating effect of RFA or HIFU and PTT indicates the 

potential of combined hyperthermia therapy.

6.2. Tissue Heat Conductivity

Considering the difficulty of photothermal agents in realizing a homogeneous intra-tumoral 

distribution, the elevation of local temperature in areas containing less accumulation is 

thus governed primarily by the conductivity of the generated heat. In particular, poor heat 

dissipation limits the heating of tissues surrounding irradiated lesions and lead to sections 

differing in temperature. The content of water has been proven to be correlated tightly with 

the heating profiles in tumor tissues due to the fact that water molecules are a superior 

conductor for heat. Specifically, a water content over 50% has been proven to be capable of 

remarkably mitigating the heterogeneity of heat distribution.[43] Given the distinct profiles 

of water content and resultant thermal conductivity of malignant and normal cells (e.g., the 

thermal conductivity of neuroblastoma and fat account for 89% and 39% of that of water),
[139–141] it is possible to achieve specifical tumor destruction. Notably, though the thermal 

conductivity of the medium shows a positive correlation with the temperature, tumors 

experiencing PTT operated at extremely high temperatures will suffer from rapid protein 

denaturation as well as water vaporization, and in turn decrease the thermal conductivity,
[142] which should be avoided in practical applications.

6.3. Thermotolerance

When cells are exposed to hyperthermia temperature for a short period of time (ranging 

from 10 to 30 min), followed by cooling down to 37 °C or exposure to mild hyperthermia 

temperatures for a long duration of time, thermal resistance (known as thermotolerance) will 

occur. Once the stress stimulus is removed, cells can recover their normal cellular function. 

Thermotolerance is generally associated with the generation of heat shock proteins, which 

play a key role in protecting the cells from the elevated temperatures by binding to newly 

denatured proteins to block aggregation and allowing the proteins to refold.[143] Heat shock 

proteins not only protect the tumor cells from the elevated temperatures but also other 

stresses such as ischemia, drug, and reactive oxygen species (ROS).[144,145] They exhibit 

diverse functions and are expressed at high levels in tumors. When they are generated inside 

the cells, they can keep the cells survive by inhibiting apoptosis.[146] When they are released 

into the extracellular matrix by necrotic cells, they will engage in various immunological 

processes, as tumor antigens chaperones to stimulate specific tumor immunity and lead to 

tumor regression.[147] However, it was reported that only the heat shock proteins isolated 

from cancer cells, not those from normal tissues, were able to induce the tumor immunity.

To overcome the thermotolerance caused by heat shock proteins, inhibitors can be 

co-delivered into the tumor together with photothermal agents to greatly enhance the 

therapeutic efficacy. To this end, it was shown that copper sulfide could reduce the 

overexpression of heat shock protein 90 (HSP90) and were used with PTT to generate 

a synergistic effect.[148] Besides, the heat shock proteins generated during PTT can also 

be used as a target for efficient delivery of chemotherapeutics into the tumor.[149] After 
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moderate hyperthermia (e.g., 43 °C for 30 min), heat shock proteins-targeted conjugates 

exhibited a significantly greater inhibition effect against cancer cells.

6.4. Attenuation of Light in the Tumor

Although homogenous dispersion of the nanoscale transducers in tumor tissue will improve 

the photothermal effect, the attenuation of light caused by the absorption and scattering 

of the transducers themselves will inevitably reduce the light intensity at positions deep 

inside the tumor, leading to insufficient heat generation. This effect will limit the therapeutic 

efficacy and cause the recurrence of the tumor. Taken together, both homogenous dispersion 

of the transducers and adequate light irradiance are necessary for an effective treatment. 

Simply increasing the power will cause overheating to the surface of a tumor and damage 

the adjacent tissues. To address this challenge, reversible thermochromic nanoparticles have 

been fabricated to regulate light transmission and photothermal heating with a pre-defined 

set-point for temperature.[150,151] The nanoparticles were colored at low temperature and 

conversed to a colorless state at 45 °C, the transition temperature (Figure 7A). The colored 

nanoparticles could transfer the NIR light to heat and maintain the temperature at 45 °C 

(Figure 7B). When reaching the transition temperature, the colorless nanoparticles allowed 

deeper penetration of the light, preventing overheating during the PTT (Figure 7C–E). To 

this end, auto-regulated liposomes containing J-aggregates (JAG) were developed to regulate 

light transmission during the PTT.[152] With the use of a temperature-responsive host lipid, 

the absorption of the photothermal transducer can be adjusted. Under the irradiation by 

NIR light, deeper layers of the target tissue revert to the intrinsic optical absorption, halting 

the temperature rise and enabling greater light penetration and heat generation at a great 

depth.[152]

6.5. Monitoring of Temperature

The efficacy of PTT may differ between individuals and tumor entities.[153] Some tumors 

are “easy-to-heat”, while others are “difficult-to-heat”. Consequently, the temperature, which 

is critical to hyperthermia therapy, will differ significantly in different tumors even under 

the same thermal dose. Therefore, a non-invasive method for real-time monitoring of 3D 

temperature distributions during the treatment will greatly enhance the ability to uniformly 

heat the tumors at therapeutic levels. Novel techniques for non-invasive measurement of 

temperature have appeared in recent years, including electrical impedance tomography 

(EIT),[154] microwave radiometry,[155] computer tomography (CT),[153] magnetic resonance 

imaging (MRI),[156] afterglow,[157] and ultrasound.[158]

Magnetic resonance imaging (MRI) has been used to monitor temperatures for more than 

one decade due to the high contrast and spatial resolution. MR thermometry can be carried 

out based on three temperature-sensitive parameters: the relaxation time T1, the diffusion 

coefficient (apparent diffusion coefficient value, D), or the proton resonance frequency shift.
[159] The method based on relaxation time T1 is strongly dependent on the type of tissue 

and is mainly recommended in low-field systems.[160] On the contrary, the method based 

on diffusion coefficient is highly sensitive to temperature. However, it needs a long time to 

acquire data due to the high sensitivity to motion.[161] Proton resonance frequency-based 

temperature monitoring, which relies on the resonant frequency shift of water proton, is 
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preferred by most investigators. It exhibits good linearity and temperature sensitivity at 

mid to high field strengths (≥1 T).[162] Besides, this method shows a satisfactory standard 

deviation of less than 1 °C with temporal resolution below 1 sec and a spatial resolution of 

about 2 mm, for a single slice of immobile tissue. However, this method is inappropriate for 

lipid tissues, since there is no hydrogen bonding among the methylene protons that supply 

the bulk of fat signal.[163]

Compared with MRI, ultrasound thermometry is a portable, inexpensive, and convenient 

technique for guiding hyperthermia therapy, especially for intracavitary and endoluminal 

applications.[164] Several ultrasonic parameters sensitive to temperature have been used for 

estimating the temperature of tissue, including the echo-shifts caused by thermal expansion 

and speed of sound, the frequency-dependent acoustic attenuation coefficient, and the 

backscattered energy from tissue inhomogeneities.[165,166] Although ultrasonic thermometry 

has not been used for measuring large temperature variation, it is sensitive to small (<1 

°C) temperature change, together with high spatial sampling and high temporal resolution, 

suggesting the greatest potential for monitoring temperatures in the hyperthermia range.
[164,167]

Recently, fluorescence has also been applied for in vivo temperature determination. 

To this end, a nanodiamond quantum thermometry system was reported for in vivo 
temperature monitoring (Figure 8A).[168] The frequency shift of the optically-detected 

magnetic resonance (ODMR) of nitrogen-vacancy (NV) defect centers in the nanodiamond 

was sensitive to temperature and could be measured as a decrease in the laser-induced 

fluorescence intensity when spin-resonant microwave excitation was applied (Figure 8B). 

After injection of the nanodiamonds, the fluorescence could be observed in the worm 

(Figure 8C). By determining the temperature-dependent continuous-wave (CW)–ODMR 

spectrum, the real-time temperature was measured (Figure 8D and E). This method showed 

good in vivo precision and accuracy of ± 0.22 °C and <0.6 °C, respectively. In another 

study, a temperature-feedback probe based on carbon-coated core-shell upconversion 

nanocomposite NaLuF4: Yb, Er@NaLuF4@carbon (csUCNP@C) was developed for PTT.
[169] The upconversion nanocomposite could convert the lower-energy light at 980 nm 

into higher energy emissions in a temperature-dependent manner (Figure 8F). The higher 

temperature resulted in a higher upconversion luminescence ratio between 525 nm and 545 

nm. During PTT, cells with upconversion luminescence were killed, whereas the others 

without upconversion signals were still alive, suggesting that the luminescence could be 

used as an indicator of temperature elevation. (Figure 8G).

7. Conclusions

In summary, to realize effective PTT, various factors such as the light source, properties 

of the photothermal transducers, as well as tissue characteristics all need to be taken into 

consideration. For the photothermal transducers, we shall not only pay attention to their 

absorption coefficient, photothermal conversion efficiency, and photostability, but also the 

size, shape/morphology, and surface charge. For tissue characteristics, the heat-sink effect, 

thermal conductivity, and thermotolerance should be taken into account. With the continuous 

development of novel photothermal transducers and temperature monitoring techniques, 
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PTT will become more efficient and precise in cancer-specific therapy. Besides, the distinct 

features of PTT also provide opportunities for combination therapy by integrating with other 

types of treatment. For example, the increased temperature and blood flow in tumors during 

PTT will accelerate drug release and promote the diffusion of the drug, offering a platform 

to integrate with chemotherapy. At the same time, the homogeneous distribution of heat in 

PTT holds promise for the synergistic effect with RFA or HIFU in tumor therapy.
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Figure 1. 
Schematic illustration showing the parameters that affect the efficacy of PTT in vivo: ⅰ) 
the attenuation in tissue, penetration depth, and irradiance of the laser; ⅱ) the absorption 

coefficient, photothermal conversion efficiency, photostability, particle size, shape, and 

surface property of the photothermal transducers; ⅲ) the spatial distribution of the 

transducers; ⅳ) the heat-sink effect, thermal conductivity, thermotolerance of the lesion; 

and ⅴ) the actual temperature involved in the therapy.
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Figure 2. 
(A) Schematic illustration of the tissue absorption of light with different wavelengths. (B) 

Penetration depths of UV radiation in human skin. The wavelength dependence of the 

penetration depth is similar at the volar ( ) and dorsal ( ) aspect of the forearm. Spectral 

characteristics are different at the thenar ( ). The penetration depth is only very slowly 

rising in the UVB and increases steeply in the UVA. Reproduced with permission.[40] 

Copyright 2008, SCImago. (C) Fraction of total reduced scattering attributed to Rayleigh 

scattering in skin. Reproduced with permission.[41] Copyright 2005, IOP science. (D) 

Optical absorption spectra of major endogenous chromophores at typical concentrations 

occurring in living mammalian tissues. The first (NIR-I) and second (NIR-II) windows, 

where optical absorption is minimized, are indicated. Reproduced with permission.[42] 

Copyright 2005, Royal Society of Chemistry. (E) Absorption spectrum of liquid water with 

the wavelength in the range of 10 nm and 10 m. Reproduced with permission.[47] Copyright 

1981, University of Missouri.
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Figure 3. 
Extinction, absorption, and scattering spectra calculated using the DDA method for a Au 

nanoparticle dispersed in water (n = 1.33): (A) a Au nanobox with an inner edge length of 

50 nm and a wall thickness of 5 nm; (B) a Au nanobox with an inner edge length of 30 

nm and a wall thickness of 5 nm; (C) a Au nanobox with an inner edge length of 30 nm 

and a wall thickness of 3 nm; and (D) an Au nanobox with an inner edge length of 30 nm 

and a wall thickness of 5 nm, together with holes of 5 nm in edge length in the corners. 

Reproduced with permission.[49] Copyright 2005, Wiley-VCH.

Shen et al. Page 25

Small. Author manuscript; available in PMC 2025 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Schematic showing the localized surface plasmon resonances and extinction spectra of (A) 

Au nanorods with different aspect ratios, (B) Au nanostars with different aspect ratios, 

(C) SiO2@Au core-shell nanoshells with different shell thicknesses, and (D) Au nanocages 

with different wall thicknesses. (A) and (C) were reproduced with permission.[48] Copyright 

2014, Royal Society of Chemistry. (B) Reproduced with permission.[71] Copyright 2014, 

American Chemistry Society. (D) Reproduced with permission.[64] Copyright 2011, 

Springer Nature.
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Figure 5. 
(A) Schematic illustration of the aggregate formation and the carboxylesterase-triggered 

disassembly. (B) TEM images and schematic illustrations of the aggregates before 

(left) and after (right) the treatment with carboxylesterase. (C) Fluorescence images 

of the multicellular spheroids showing the penetration depth of carboxylesterase-

responsive tetrachloroperylene monoimide-human serum albumins nanoclusters (FHP) and 

carboxylesterase-irresponsive nanoclusters (HP3) through orthogonal section view of x/z 

axes (top) and y/z axes (right). scale bar: 200 μm. (A-C) Reproduced with permission.
[118] Copyright 2020, Wiley-VCH. (D) Schematic showing the formation of pH-sensitive 

doxorubicin and IR780 loaded poly(4-formylphenyl methacrylate-co-2-(diethylamino) ethyl 

methacrylate)-b-polyoligoethyleneglycol methacrylate (PDMs). (E) TEM image of PDMs at 

pH=7.4 (left) and pH=6.6 (right) showing the assembly and disassembly, respectively. (D-F) 

Reproduced with permission.[119] Copyright 2020, Wiley-VCH.
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Figure 6. 
(A) Cellular uptake of gold nanoparticles as a function of size. Reproduced with permission.
[115] Copyright 2006, American Chemistry Society. (B) Herceptin-gold nanoparticles (Her-

GNPs) with a size of 40 nm in diameter could down-regulate the membrane ErbB2 receptor 

(red) and redistribute the receptor from the cell surface to the cytoplasm, while 2 and 70 

nm Her-GNPs did not show this effect. Scale bars: 10 μm. Reproduced with permission.[128] 

Copyright 2008, Springer Nature. (C) Schematic showing that nanoparticles with a size 

of 40–60 nm are more readily to be uptaken than those smaller than 40 nm or larger 

than 60 nm. Nanoparticles smaller than 5.5 nm can enter into the nucleus. (D) Uptake 

of the PEGylated gold nanohexapods, nanocages, and nanorods by MDA-MB-435 cells 

after incubation for different periods of time. The cells were positioned in an inverted 

configuration. The initial concentration of the gold nanoparticles in the culture medium 

were 10 μg/mL for all samples. Reproduced with permission.[57] Copyright 2013, American 

Chemistry Society.
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Figure 7. 
A) Digital images showing the color changes of a suspension of the thermochromic 

nanoparticles when its temperature was raised from 25 to 45, and then decreased to 25 °C. 

B) Temperature profiles of ICG and (2′-phenylamino)-6′-diethylamino fluoran/β-naphthol 

(TFG/Naph) nanoparticles upon the irradiation of NIR light. C). Schematic illustration 

showing the thermostatic PTT in a tumor. D) Digital images showing the penetration depth 

of the light. E) The H&E staining sections of the tumor and adjacent tissues after PTT. 

Reprinted with permission.[150] Copyright 2020, American Chemistry Society.
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Figure 8. 
A) Monitoring of temperature in vivo using a nanodiamond (ND) thermometer. B) A 

schematic illustration of the energy diagram of the nitrogen-vacancy centers. C) Microscopy 

image of the worm labelled with nanodiamonds. Scale bar: 20 μm. D) The fluorescence 

from nanodiamond at different continuous wave frequency. E) Time profiles of the total 

photon counts (Itot) and the estimated temperature of the nanodiamonds. F) Schematic 

illustration of the setup for the detection of the eigen temperature of csUCNP@C. G) 

Cells with and without csUCNP@C were irradiated with 730-nm and 980-nm lasers, 

respectively. Scale bar: 30 mm. (A-E) Reprinted with permission.[168] Copyright 2020, 

American Association for the Advancement of Science. (F-G) Reprinted with permission.
[169] Copyright 2016, Springer Nature.
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Table 1.

Penetration depth of electromagnetic waves with different wavelengths in biological media.[38]

Frequency (MHz) Wavelength (cm)

Depth of penetration (cm)

Muscle, skin, and tissues with high water 
content

Fat, bone, and tissues with low water 
content

1 30000 91.3

10 3000 21.6

27.12 1106 14.3 159

40.68 738 11.2 118

100 300 6.66 60.4

200 150 4.79 39.2

300 100 3.89 32.1

433 69.3 3.57 26.2

750 40 3.18 23

915 32.8 3.04 17.7

1500 20 2.42 13.9

2450 12.2 1.70 11.2

3000 10 1.61 9.74

5000 6 0.788 6.67

5800 5.17 0.720 5.24

8000 3.75 0.413 4.61

10000 3 0.343 3.39
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Table 2.

Optical properties of different types of nanoscale transducers.

Nanoparticles dimension (nm) λmax (nm) Molar extinction coefficient 
(M−1cm−1)

Absorption efficiency Ref.

Au nanorods 5 radius
27 length 808 1.9×109 0.96 [56]

Au nanocages 47 ± 3 nm edge 
4 ± 1 wall thickness 808 1.3×1011 0.63 [55]

Au nanoshells 55 radius
65 radius 800 2×1011 0.61 [56]

Au nanohexapods
25.3 core radius
16.3 arm length
13.6 arm width

805 5.0×109 0.91 [57]

Pd 26.9±3.2 edge
22.8±2.5 nm 808 6.3×107 — [58]

Carbon nanotubes 0.6 radius
150 length 808 7.9×106 0.5   [48, 56]

CuSe-QDs 8 970 7.7×107 0.22 [48, 56]

CdX (X = S, Se, Te) 2 — ~2–5×105 0.14 [48, 56]

Prussian blue nanoparticles 42 808 1.09×109 — [59]

PPy 46 808 2.4×1010 — [60]

PANi nanoparticles 48.5±1.5 808 8.95×108 0.49 [61]

RC-BSA 110 915 0.83×105 — [62]

PPy-enveloped Fe3O4 NPs 100 808 1.12×109 — [63]

Porphysomes 100 680 2.9 × 109 — [64]

ICG Molecular 780 ~4.5×105 — [65]

IR 780 Molecular 780 2.8 ×105 — [66]

IR 808 Molecular 808 3×105 — [67]
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