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Photothermal therapy (PTT) is a promising alternative therapy for benign or even malignant tumors. To improve
the selective heating of tumor cells, target-specific photothermal conversion agents are often included, especially
nanoparticles. Meanwhile, some indirect methods by manipulating the radiation and heat delivery are also
adopted. Therefore, to gain a clear understanding of the mechanism, and to improve the controllability of PTT, a
few issues need to be clarified, including bioheat and radiation transfer, localized and collective heating of
nanoparticles, etc. In this review, we provide an introduction to the typical bioheat transfer and radiation
transfer models along with the dynamic thermophysical properties of biological tissue. On this basis, we
reviewed the most recent advances in the temperature control methods in PTT from macroscale to nanoscale.
Most importantly, a comprehensive introduction of the localized and collective heating effects of nanoparticle
clusters is provided to give a clear insight into the mechanism for PPT from the microscale and nanoscale point of

view.

1. Introduction

Cancer or malignant tumor is the leading cause of premature death in
57 countries nowadays. Despite early-stage cancer diagnosis techniques,
the treatment for cancer has also become more and more important. To
date, radiotherapy, chemotherapy, and surgery are the most commonly
used measures for clinical cancer treatment. [1] However, they suffer
from serious side effects, such as gastrointestinal toxicity, hepatotoxic-
ity, nephrotoxicity, hematopoietic system injury, cardiotoxicity,
neurotoxicity, etc., which seriously affect the quality of life for cancer
patients. [2,3] Therefore, the implementation of these treatments al-
ways has high demands for the general physical condition of the pa-
tients. The pursuit of alternative treatments has become more and more
important. Since many viruses, bacteria, or cancerous cells can be killed
or inactivated when suffering hyperthermia, thermal therapy has
become a very promising way to treat various diseases, especially tu-
mors, with minimal or even without side effects. [4] In order to obtain a
therapeutic outcome, the temperature of the targets should be higher
than 37 °C. Generally, a temperature range between 41 and 47 °C is
adopted to kill the cancerous cell in a relatively short time while pre-
venting irreversible damage to normal cells. [S] However, due to the
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rapid development of nanoparticle-assisted thermal therapy and tem-
perature control methods, higher therapeutic temperatures have also
been applied [6,7]. The dependence of tissue-level, cell-level, and
molecule-level damage on temperature and its lasting time are listed in
Fig. 1. The detailed mechanism can be found in Refs. [8, 9].

According to the thermal sources applied during the treatment,
thermal therapy can be categorized as radiofrequency hyperthermia,
[10] ultrasound hyperthermia, [11] magnetic fluid hyperthermia,
[12,13] photothermal therapy (PTT), [14,15] microwave thermal
therapy, [16] etc. Due to its advantage of adjustable dosage, precise
targeting, and most importantly non-invasive nature, photothermal
therapy has attracted the attention of researchers all over the world.
[17-19] Photothermal therapy represents a kind of technique that uti-
lizes infrared radiation for the treatment of diseases, including but not
limited to cancer. It can be traced back to thousands of years ago in
ancient China, Egypt, India, Greece, and Rome. [20-22] The very first
paper was published in 1866 by Busch, where a patient who had tumor
regression after fever was reported. [23] Since then, there has been
growing interest in the field of PTT. Also, it has been realized that in
photothermal therapy, photothermal conversion agents are needed to
reduce the unwanted heating of healthy tissue. Due to the development
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of nanotechnology, nanoscale materials have been widely investigated
in almost every research field, from biomedicine to the building in-
dustry. [24,25] Nanoparticles (NPs) can be synthesized and modified to
have specific targets of cells. Therefore, after being injected into the
human circulatory system, NPs can accumulate in the target cells, i.e.,
tumorous area. [26] As in PTT, the nanoparticles, i.e., the photothermal
conversion agents are responsible for the light-to-heat conversion, and
therefore act as nanosource of heat to increase the local temperature,
which makes plasmonic material a promising candidate for the PTT.
Therefore, it was sometimes referred to as plasmonic photothermal
therapy (PPTT), [27] although other materials may also be applied as
photothermal conversion agents, such as carbon or organic materials.
[28-31] For the studies related to PTT, most of them are focused on the
synthesis and optical properties of different kinds of nanoparticles,
whose shapes include nanosphere, nanorod, nanoshell, nanoframe,
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nanocube, nanoflower, etc., [32-38] and materials including gold, sil-
ver, metal oxide, MXenes, etc. [39-42] Multifunctional nanoagents are
preferred in the most recent literature, which not only can be used for
PTT, but also for imaging, [43-45] drug delivery, [46,47] photodynamic
therapy, [48,49] combined chemo-photothermal therapy, [50,51] etc.

Despite the photothermal conversion of nanoagents, another
important subject is radiation and heat transfer in biological tissue. For
radiation transfer, although the absorption of near-infrared radiation by
the tissue can be minimized by using a light source with wavelengths in
the optical window, i.e., NIR-I (700-950 nm), NIR-II (1000-1350 nm),
and NIR-III (1550-1870 nm), [52] the attenuation of near-infrared ra-
diation is still unavoidable (see Fig. 2). The absorption and scattering
coefficients may be even larger for specific tissue. The accurate mea-
surement of the optical properties of biological tissue is extremely
important for the simulation of various processes during photothermal
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Fig. 1. Effect of temperature in cells and tissue. [8] Reprinted with permission from Ref. [8]. Copyright 2020 Elsevier.
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Fig. 2. (A) Effective extinction coefficient of oxygenated blood, deoxygenated blood, skin, and fatty tissue; [55] Adapted with permission from Ref. [55]. Copyright
2009 Springer Nature. (B) Absorption spectrum of human skin showing the first, second, and third biological window. [56] Reprinted with permission from Ref. [56].
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therapy. The detailed experimental and theoretical works about the
optical properties of biological tissue can be found in Ref. [53, 54]. In
the meantime, for larger tumors, the existence of nanoparticles also has
a great influence on the heat source distribution inside the tumor, which
needs to be further clarified. Also, it is important to note that in pho-
tothermal therapy, near-infrared radiation is always used as heating
source. In some literature, it is sometimes referred to as near-infrared
light. Therefore, in this review, we also use ‘light’ to indicate radiation
in the near-infrared region.

In the past few decades, theoretical and experimental work has been
done on nanoparticle-mediated photothermal therapy from different
aspects. Quite a few review papers have been published. [19,57-61]
Most of them are about the development of different kinds of nano-
particles. In this review, we mainly focus on the theoretical in-
vestigations of heat and radiation transfer in biological tissue, and the
light-to-heat conversion of nanoparticles and nanoparticle clusters.
Special attention is paid to the investigations on multiscale, i.e.,
macroscale, microscale, and nanoscale (see Fig. 3). Aiming to give a
clear insight into the mechanism of nanoparticles medicated photo-
thermal therapy.

2. Bioheat transfer

An accurate and suitable bioheat transfer model is of essential
importance for the prediction of temperature distribution of biological
tissue during photothermal therapy which can provide guidance for the
design and execution of therapeutic strategies. Furthermore, it also can
be used to evaluate the performance of newly developed PTT methods.

As there have been a few reviews that summarize the basic principles of
conventional and newly developed bioheat transfer models, [62-67] in
this section, we will only introduce some typical ones.

2.1. Pennes equation

One of the most commonly used numerical models to calculate bio-
heat transfer in living tissue is the so-called Pennes equation, which was
developed by Pennes in 1948: [68].

pcp(;_]; =kVT + On+ Oy (€]
where p, cp, T, and k represent density, specific heat, temperature, and
thermal conductivity of the tissue, respectively. Qy and Qp are two
typical volumetric heat sources in living tissue, where Qp, stands for the
metabolic heat and Qy, is the heat exchange between the blood vessel and
tissue matrix which can be quantified by: [69].

Qo = wppCpp(To —T) 2)

where the subscript ‘b’ stands for ‘blood’. wy, is the blood perfusion rate.
For situations where external energy-induced volumetric heat sources,
such as light, microwave, ultrasound, and alternating magnetic field, are
involved, the heat source terms can be added directly to the right side of
this equation.

Due to its simplicity, although many improved and modified bioheat
transfer models have been proposed throughout all these years, the vast
majority of studies still use the Pennes equation to calculate or predict
the temperature field in biological tissue during thermal therapy.
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Fig. 3. Research focuses on the macroscale, microscale, and nanoscale for photothermal conversion and transfer in photothermal therapy.
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[70-72] Meanwhile, many researchers have been working on how to
improve the accuracy of the Pennes model by considering more bio-
logical information.

2.2. Weinbaum-Jiji model

The Pennes’ bioheat transfer is one of the blood perfusion-based
models, which has neglected an important factor which is the heat
transfer due to the artery-vein pairs. [63] Weinbaum and Jiji proposed a
model that considers the effect of blood flow by introducing a thermal
conductivity tensor of tissue as a function of the local vascular geometry
and flow velocity. [73] In the Weinbaum-Jiji model, it is assumed that
the tissue temperature is equal to the average temperature of the artery-
vein countercurrent vessel pair, and all the heat conducted from the
artery walls is transferred to the vein of the vessel pair, which can be
expressed as: [74].

T,.—T,

T:T 3)

G2 = gy = ok(T, —T,) @

where the subscripts a and v stand for artery and vein, respectively. ¢
stands for the shape factor of the vessels which can be expressed as:
[73,75].
n
— - 5

© = cosh 1 (1/2ry) ®)
where [ and ry, denote the distance between vessel pairs and the radius of
the vessels. Therefore, the bioheat transfer equation can be expressed as:
[74].

JaT
Pea = V (kett VT) + On (6)

where ke is the effective conductivity which takes the heat transfer of
blood flow into account. In 1D problems, the temperature gradient has
the same direction as the blood vessels. Therefore kg can be obtained
by: [75].

kep =k |1+ @

ok?

ny (mﬁpbcbu)z}

where n;, and u are the number of vessel pairs crossing control volume
surface per unite area and the average blood velocity, respectively.

2.3. Bioheat transfer model based on the theory of porous media

In the Pennes’ bioheat transfer equation, the arterial blood temper-
ature is assumed to be uniform and constant throughout the tissue. Also,
the vein blood temperature is equal to the local tissue temperature. [76]
By considering the biological tissue as porous media, Xuan and Roetzel
applied the local thermal non-equilibrium model to the tissue blood
system. [77,78] For the tissue matrix, the energy equation can be
expressed as: [79].

aT,
(1 = epay = VI = e)k VT + (T, = ) + (1 = £) 00

u (8)
b
+(1-a2) 0 + 0
For arterial blood, the energy equation can be written as: [79].
0T, o
E2PpChb <07tb+ ubVTb) = V[Eﬂkvab] — hb[(Tb — T[) + Sﬂ;er (9)

where ¢, is the volume fraction of arterial blood. ay is the spectral ab-
sorption coefficient of arterial blood. a is the total absorption coefficient.
hye is the volume heat transfer coefficient. Qn is the volumetric
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metabolic heat generation. uy, is the arterial blood flow velocity. Q, is the
radiation volume heat source by laser. Q. is the heat of endothermic
chemical conversions in human tissues and venous blood during strong
hyperthermia. The term Q. can be expressed as: [79].

dp,

9p,
Q= (1 — &, — sv)LlE +&,L, o

10)

where ¢, and ¢, are the volume fraction of venous blood and arterial
blood, Ly and L. are the specific thermal effects of chemical conversions
in venous blood and tissue.

It should be mentioned that the bioheat transfer model based on the
theory of porous media with two energy equations can also be extended
to three energy equations by including the effect of heat transfer be-
tween closely spaced arteries and veins in the blood circulatory system.
[80] In this case, the energy equation for blood flow is separated into
two energy equations corresponding to arteries and veins, which is more
reasonable to take the contribution of the blood circulation system on
heat transfer into consideration.

2.4. Non-Fourier equations

What the above-mentioned bioheat transfer equations all have in
common is that they are all based on Fourier’s law. However, a series of
experiments have illustrated that non-Fourier effect such as temperature
oscillation exists in biological tissue under certain heating circum-
stances, [81-84] which is owing to the non-homogeneous structure of
living tissue. [81] The non-Fourier models are more suitable for the
situations of very short time lag transient problems, for example, the
high fluence, and short laser irradiating time problems. Hence non-
Fourier models have gained considerable interest in the recent past
while dealing with laser-induced photothermal therapy techniques.
[85-88]

2.4.1. Thermal wave model

The thermal wave model was first proposed by Tzou et al. to describe
the nonequilibrium thermodynamic transition process. [89] It was then
introduced to the bioheat transfer field to predict this temperature
oscillation phenomenon. The mathematical expression of the thermal
wave model can be given as follows: [89]

q(r,t+7,) = —kVT(r,1) an

where 7, stands for thermal relaxation time in homogeneous substances.

By expending the heat flux term using first-order Taylor series expan-

sion, Eq. (11) can be expressed as: [90].

q(r,1) +‘tqaqg;7 0_ —kVT(r,1) 12)
This would take into account the phase lag induced by the thermal

relax time of biological tissue which is usually between 20 and 30s. [90]

2.4.2. Dual-phase-lag model

Apart from the phase lag 74, 77 is also introduced to the heat con-
duction equation to account for the phase lag in establishing tempera-
ture gradient: [81].

q(r,t+7,) = —kVT(r,t+17) 13)

This indicates that the temperature gradient in a certain location at
time t + 77 corresponds to the heat flux at the time t 4 74 Xu et al.
provided three different types of the dual-phase-lag (DPL) model by
applying different orders of Taylor expansion of T and q. [81] By
applying first-order expansion to both T and g, we can obtain: [81]

oq(r, 1)
ot

oVT(r,1)
ot

q(r,t) +1, = —k|VT(r,t) + 17 (14)

Then by substituting Eq. (14) to Eq. (1) we can get the type 1 dual-
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phase-lag model:
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Similarly, we can obtain type 2 by applying first-order and second-

order Taylor expansion for T and g, respectively, and type 3 by
applying second-order Taylor expansion for both T and g:

T or & or
qucy =kV?T + TTkVZE + k% ?VZT — wyppcnT — (qubpbcb + pc) m
00 00,
+ (WbprbTb + Tq% + Ty an + Qm + Qr)
(16)
T T 0 2 & or
é’pcy =kV2T + TTkEVZT + k% ?VzT = woppcuT — (Tawoppcn + pC) =
7, T
+| — fwbpbcb — T4pC e
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2.4.3. Controversy in DPL model

It should be noted that there are also some criticisms about the DPL
model from several different aspects. Rukolaine has demonstrated that
the first-order and higher-order approximations of the DPL model could
lead to unphysical results with negative temperatures. [91,92] In addi-
tion, there are some other controversies on mathematical and physical
aspects [93,94]. More detailed discussions can be found in Refs. [95,
96]. In conclusion, one should pay extra attention when the DPL model
is adopted for the bio-heat transfer problems.

2.5. Summary

A few investigations have been focused on the comparison of
different bioheat transfer models [97,98]. However, it is nearly impos-
sible to cover all aspects of different models since they all have their
limitations and superiority, and sometimes may even cause controversy
and argument. The Pennes equation is commonly used due to its ease of
application. However, it neglects a lot of biological details including the
blood flow direction and some anatomical features of the circulatory
network system. [98] It is obvious that if all the factors are considered
the bioheat transfer model will be too complex which makes it hard to be
adopted by researchers from a wide range of research fields. Therefore,
different bioheat transfer models have been proposed by emphasising
different affecting factors. Instead of modeling the influence of blood
using a fluid-surface heat transfer term, the Weinbaum-Jiji model uti-
lizes a heat conductivity term that depends on the vascular structure. It
has been pointed out that this model is useful to describe the heat
transfer in a single organ, but would not be convenient for a whole
thermoregulation system. [80] The bioheat transfer model based on the
theory of porous media considers the local thermal non-equilibrium of
blood and tissue and includes an interfacial convective heat transfer
term. [98] On this basis, the non-Fourier effects of biological tissue are
also considered by considering the phase lag for heat flux and temper-
ature gradients. The thermal wave model and dual-phase-lag model are
two typical models that consider the non-Fourier effects, which are
especially applicable for the conditions where a short pulse heat source
is involved. In the meantime, some controversies also have been rose
including the unphysical effects induced by the dual-phase-lag model.
[91] For more details can refer to Refs. [63, 66, 99].
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3. Radiative transfer

Near-infrared radiation can be scattered or absorbed by biological
tissue and NPs (see Fig. 4). After a ray goes into a biological tissue with
nanoparticles embedded tumor, the ray can be scattered and absorbed
by healthy tissue and tumor. Also, it can be scattered and absorbed by
nanoparticles. Meanwhile, it may be reflected at the tissue-tumor
boundary or the tissue-air boundary or even transmitted through the
tissue surface. The simulation of near-infrared radiation transfer in
biological tissue can be classified into two categories. One is based on
the statistical model, such as the Monte Carlo method (MCM). Another is
based on the numerical solution of the radiative transfer equation (RTE).

3.1. Monte Carlo method

The Monte Carlo method represents a random sampling technique
that is used to solve several kinds of mathematical or physical processes,
especially for light transfer. It was first proposed by Metropolis and
Ulam [100,101] and named after a famous gambling city located in
southeast France. For calculation of light and biological tissue interac-
tion, MCM has the advantage that it is capable of simulating different
kinds of contact and noncontact illumination and detection setups for
optical measurement. [102] When MCM is adopted, light is treated as
lots of rays that can be scattered or absorbed by semitransparent media
like biological tissue. To solve the problem of the light and biological
tissue interaction with a nanoparticle-embedded tumor, the working
principle of MCM is shown in Fig. 5. First, a ray was launched into the
tissue. In the meantime, an optical path length will be generated ac-
cording to the total extinction coefficient of the media that the ray
traveling to: [101].

_ [nN, random

As = 5 18)

where f; is the extinction coefficient. Nyandom is @ random number uni-
formly distributed between 0 and 1. The physical meaning of the path
length is the distance that a ray travels before it interacts with the tissue
or nanoparticles.

After the path length was decided, one can determine the new po-
sition of the ray along with the incident direction. When a tumor or
multilayer structure exists in the geometrical model, an important sit-
uation needs to be considered, which is that the traveling path of a ray
passes through the interface of different media, such as tumor and
healthy tissue. In this situation, internal reflection should be considered.

Incident light /

Fig. 4. Light interaction with biological tissue and NPs. (1) Scattered by
healthy tissue; (2) absorbed by healthy tissue; (3) scattered by tumor; (4)
scattered by nanoparticles; (5) absorbed by tumor or nanoparticles; (5) re-
flected by the tissue-tumor interface; (6) transmitted through the tissue surface.
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Fig. 5. Flowchart of MCM to solve the light-tissue interaction problem.

More importantly, the path length should be revised and the new posi-
tion of the ray should be updated since the extinction coefficient of the
two media are different and it is not reasonable to determine the path
length only using the extinction coefficient of the media where the ray
started. Take the near-infrared radiation transfer in tumorous tissue, for
example, three specific situations could arise, i.e., (1) the ray may enter
the tumor from healthy tissue; (2) the ray may go back to healthy tissue
from the tumor area; and (3) the ray may go through the whole tumor in
one step (see Fig. 6). It is obvious that in the above-mentioned situations,
the path lengths of the ray need to be revised since the extinction co-
efficients of tumors embedded with nanoparticles are much larger than
that of the healthy tissue, which makes the path lengths much shorter.
For cases (1) and (3), the path length can be revised as follows: [103].

tissue tissue
ﬂa +ﬂ5

tumor tumor
Ha ™" g

a

19

Stinal = Stissue T Stumor

where the subscripts and superscripts ‘tissue’ and ‘tumor’ represent the
corresponding parameters in healthy tissue and tumor, respectively.
Similarly, for case (1), the path length can be revised as follows: [103].

tumor tumor
a T H

'ulissue + 'ulissue (20)
a s

Sfinal = Stissue T Stumor

After deciding the new position of a ray, another important issue is

how to decide whether the ray is interacting with the tissue or nano-
particles and whether it is being scattered or absorbed. Stochastic pro-
cesses are also introduced to solve this. Firstly, a random number
Nrandom uniformly distributed between 0 and 1 will be generated. If
Niandom > fn/(Pn + Pm), the ray will be interacting with the tumor.
Otherwise, it will be interacting with nanoparticles. It is similar to the
situation of how to decide whether the ray is scattered or absorbed. A
new random number is generated and if Nyandom > #a/(Ha + Hs), then it
will be scattered. Otherwise, it will be absorbed by the tissue or nano-
particles. Despite the introduced MCM, different kinds of MCM have
been developed to further improve its performance. A detailed review
can refer to Ref. [102].

3.2. Radiative transfer equation

Although MCM has many advantages in simulating radiative transfer
in biological tissue, it suffers from the drawbacks of computational
expensive, and therefore it is time-consuming, which makes it not
suitable for optical-based tissue imaging. To solve this problem,
different methods are applied to solve the radiative transfer equation
(RTE), such as P1 approximation, [104] finite volume method, [75]
discrete ordinate method, [105] etc. More details can be referred to Refs.
[106, 107], in which Dombrovsky and co-workers summarized in detail

(1) Sﬁnal (3)
) 3
tissue
i
i
Sinitial :
¥
1
<oy
Suumor Tumor: i
1
1
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tissue .{:iSinitial i ) Sinitial
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Fig. 6. Modification of optical path lengths.
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the commonly used solutions for radiative transfer and other related
issues. The transient RTE can be written as follows: [108].
1 0I(8,1)

TSV L SVIG ) = kI, 1) — 05,1+

B o in 47[1(5,’,[)@(5,‘75)(19,’

2D

where I is the intensity in the § direction at time t, and c is the light speed
in the medium. The linear absorption and scattering coefficients are
denoted by « and o5, respectively. The first and second terms on the
right-hand side correspond to the attenuation of the radiation by ab-
sorption and scattering, respectively. The last term on the right-hand
side corresponds to the augmentation of radiation that propagates
because of in-scattering. The scattering phase function ®(s;,s) repre-
sents the probability that radiation that propagates in the solid angle dQ;
around the incoming direction ; will be scattered into the solid angle
dQ around direction S. The radiative properties of the medium and
boundary remain unchanged during the transient process.

4. Dynamic parameters

Obviously, most thermophysical properties of different materials
including biological tissue are related to temperature more or less,
including thermal conductivity, heat capacity, absorption and scattering
coefficients, etc. [109-111] Differing from ordinary materials, biolog-
ical tissue has some unique properties. For heat and radiation transfer,
one of the most important properties is the dynamic nature of thermo-
physical characteristics, which will seriously affect the accuracy of the
heat and radiation transfer modeling.

4.1. Dynamic change of tissue state

During the process of PTT, the physical state of the tissue may change
along with the temperature increase including coagulation, dehydra-
tion, carbonization, evaporation, or even carbonization. [112] This will
lead to a sharp thermophysical property change in the interface between
different layers. [113]

The Arrhenius equation is commonly used to describe the irrevers-
ible heating damage rate of biological tissues, [114,115] which can be
expressed as follows [116]:

t n
Q@) = / AcFindt (22)
0

where E, and A stand for the activation energy and frequency factor,
respectively. R is the gas constant which equals 8.314 J/(mol-K). T is the
absolute temperature of the tissue. Q represents the thermal damage
rate. If Q is larger than 1, the tissue is assumed to have permanent
damage. [116]

Despite the Arrhenius equation, Xu and Qin proposed another ther-
mal damage model by assuming that the thermal damage can be rep-
resented by the inactivation of a hypothetical enzyme, which can be
written as: [117,118].

it Be *
Xt)= | ———— 2

where X(t) is the fraction of inactivated enzyme, which equals the
thermal damage rate. z represents the temperature change, which equals
1-Ty/T, where T is the reference temperature. B, C, @, and f are ob-
tained by fitting with the experimental data.

However, the above-mentioned models did not consider the regen-
eration of living tissue due to arterial blood flow, which makes it no
different compared to calculating the physical state of a piece of dead
meat in the room and the muscle tissue in a living human being. [119]
By modifying the traditional Arrhenius equation, Dombrovsky has pro-
posed a new model that takes the regeneration of living tissue into
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consideration: [119]

6Q,~(t)
ot

:(1—9,»(1))A,»exp(—%>—B,»Qi(t)wh, QO)=0 i=1,...6

(24

wherei=1, ..., 5 represent skin layers, and i = 6 stands for tumor tissue.
B; is the dimensionless coefficient which is assumed to be B; > > 1 for all
healthy tissues and Bg = 0 for tumor tissue.

4.2. Dynamic blood perfusion rate

Blood circulation has a significant influence on the heat transfer
characteristics of biological tissue, which has been introduced briefly in
Section 2 for some bioheat transfer models. The blood vessels play an
important role, which basically consists of arteries, veins, and capil-
laries. However, in the Pennes’ bioheat transfer model, this influence
has been simplified to a blood perfusion rate. It neglects a lot of bio-
logical details including the blood flow direction and some anatomical
features of the circulatory network system. [98] In this section, a few
methods that consider the dynamic blood perfusion rate in Penne’s
bioheat transfer model have been introduced.

It has long been recognized that to maintain a relatively stable
temperature of the human body, the local blood flow rate will change
corresponding to the local temperature variation. [120] More recent
studies have tried to quantify the relation between the blood perfusion
rate and tissue temperature: [16].

@y = wyoF(T, 1) (25)

where wy is the initial or baseline blood perfusion rate measured in a
normal state. For the situation of thermal therapy, since thermal damage
may occur, the blood flow rate can also be expressed as a constant initial
perfusion rate with correction factors related to the thermal damage
rate. Different models have been developed to calculate the blood
perfusion rate during thermal therapy. A simply approximation is to
assume the blood perfusion is only related to thermal damage rate (the
integration of temperature): [121].

where DS is the degree of vascular stasis (between 0 and 1) which is
defined as:

DS=1—-exp(—Q) (27)

On this basis, Schutt and Haemmerich developed a piecewise func-
tion to comply with experimental results: [122].

Wy 30-DS + 1),

( DS < 0.02
(
(

0.02 < DS <£0.08
0.08 < DS <0.97
097 <DS<1.0

0, (Q) = (28)

wpo( — 0.79-DS + 0.884),
wro( — 3.87-DS + 3.87),

Despite the above-mentioned form, another model considering the
influence of thermal damage rate and the current local temperature also
has been proposed: [123].

0, (Q, T) = owftf (29)

where fr is a dimensionless coefficient that depends on the thermal
damage coefficient and temperature, and f, is the tissue undamaged
coefficient. Variables fr and f, can be expressed as follows: [123].

440.6-(T —315), 310K < T < 315K&R < 1
T >315K&Q < | (30)

0, Q>1

f. =1-DS (31)
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4.3. Dynamic metabolic heat

The metabolic heat of biological tissue follows the so-called ‘Qio
law’, which means that the cell metabolism changes exponentially for
the temperature rise every 10 °C, [124,125] which can be expressed as:

0000, Q<1
et = 4t (32)
0, N>1

where Qﬁm is the metabolism at the reference temperature, and Ty is the
reference temperature. Q¢ is a constant which ranges from 2 to 3.

4.4. Dynamic change of thermophysical properties induced by NPs

Similar to nanofluid, the thermophysical properties of tissue may
also change due to the addition of NP. Very recently, there are studies
about the application of phase change nanoparticles (solid to liquid and
solid to solid), which leads to thermal and optical property changes
during the implementation of PTT to adjust the temperature of the tissue
or to achieve certain functions such as drug release. [126-128] These
need to be considered and may even lead to a whole new direction for
the heat and radiation transfer management and optimization during
photothermal therapy.

5. Macroscale

In the macroscale, studies are mostly focused on the optimization of
temperature distribution or thermal damage volume through different
methods by manipulating the radiation and heat transfer in the bio-
logical tissue. The purpose is basically to reduce the thermal damage to
the surrounding healthy tissue including the skin exposed to the laser
radiation. It can be roughly classified into two categories: heating
strategy design and specific absorption rate (SAR) distribution optimi-
zation. The first one is to manipulate the temperature distribution of the
tumorous area by optimizing the heating method, such as heating area,
intensity, heating/cooling rate, etc. The latter one is to optimize the heat
source distribution to heat the tumorous area more efficiently. In this
review, we mainly focus on photothermal therapy. Other thermal ther-
apies, such as radio frequency and magnetic thermal therapy, [129] will
not be included.

5.1. Heating strategy

For photothermal therapy, different heating strategies are usually
achieved by manipulating the incident light. Dombrovsky et al. have
proposed two effective heating strategies for photothermal therapy, i.e.
periodic heating [76] and indirect heating [79] (see Fig. 7A and B). The
periodic heating means that the laser radiation operates periodically
which allows a certain cooling time. It was pointed out that periodic
heating has two advantages compared with continuous heating: (a) the
overheating of the surrounding healthy tissue can be largely reduced
and (b) the unfavorable increase of blood perfusion can also be avoided
due to the time delay in the natural reaction of the cardiovascular sys-
tem. [76] On this basis, more work has been done to optimize the
operating parameters of periodic heating, such as heating/cooling time,
heating area, and laser intensity. [69] The indirect heating means that
instead of directly heating the tumor area, a ring laser is adopted to
produce a hot ring in the healthy tissue around the tumor. It was shown
that by integrating with the periodic heating strategy, the heating of the
tumorous area can be achieved even without the assistance of nano-
particles [79] (see Fig. 8). Meanwhile, this method may be able to avoid
the local blood perfusion rate change around the tumor, which will
reduce the release of heat shock proteins and reduce the thermotol-
erance of the tumor.

Another problem for the photothermal therapy assisted by
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Fig. 7. Schematic of different heating strategies. (A) Periodic heating; (B) in-
direct heating; (C) multiple-light-source heating; (D) surface cooling.

nanoparticles is that the near-infrared radiation could attenuate quickly
after it reaches the interface between the tumor and healthy tissue,
which leads to a hot spot in the upper boundary of the tumor. To solve
this problem, Yin et al. proposed a multiple-light-source heating strategy
(see Fig. 7C). [130] To be specific, the tumor is irradiated by two lasers
(one point laser and one ring laser) to increase the uniformity of heat
source distribution, which can reduce the side effect of heat conduction
on the surrounding healthy tissue. It is worth noting that the light source
for most of the theoretical studies is laser due to its superior mono-
chromaticity and directivity. However, in clinical applications, broad-
band light sources, such as water-filtered infrared-A (wIRA), are also
widely applied. On this basis, Dombrovsky et al. investigated spectral
transient radiative problems of a wIRA irradiated superficial human
tissue. [131] Results showed that the established 1-D numerical model is
accurate enough to predict the temperature variation.

Despite the above-mentioned method, surface cooling is also widely
adopted to directly alleviate the surface overheating problem (see
Fig. 7D). [105] To minimize the thermal damage to the superficial tis-
sue, additional cooling techniques can be applied, such as ice packs, ice
baths, coolant gel packs, and even sprays. [132] Specifically, for pho-
tothermal therapy, the cooling technique applied should not interfere
with the light path. A more practical method is to use cooling fluid
contained in a transparent flat container (see Fig. 9). The advantage of
this method is that the cooling rate can be controlled precisely in real-
time by manipulating the temperature and velocity of the cooling
fluid. Singh et al. investigated the influence of surface convective heat
transfer coefficient on the surface temperature of tissue during photo-
thermal therapy. [105] It was found that the desired thermal damage
temperature inside can be achieved while minimizing surface thermal
damage using the convective cooling technique. In addition, cryogenic
spray cooling is also a good way to reduce skin temperature which has
been investigated and employed in laser surgery. [133-136]

5.2. SAR distribution

The most direct way to manipulate the SAR distribution is to develop
different kinds of nanoparticles. For most of the studies, the main pur-
pose is set to achieve a high light-to-heat conversion efficiency. The
optical property of different shapes of nanoparticles, such as nano-
sphere, nanoshell, nanorod, nanostar, nanocage, etc., has been investi-
gated for a very long time. [138] Traditionally, gold is a preferred choice
for nanoparticles in biomedical applications including photothermal
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Fig. 8. Temperature fields during thermal treatment using indirect heating strategy without the assistance of nanoparticles. [79] A, B — at the peak of laser irra-
diation (at t = 35 min), C, D - before the next irradiation period (at t = 36.7 min); A, C — human tissue, B, D — arterial blood. The temperature is given in °C. Adapted

with permission from Ref. [79]. Copyright 2012 Elsevier.
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Fig. 9. Skin temperature control system and laser irradiation system. [137] Reprinted with permission from Ref. [137]. Copyright 2015 Springer Nature.

therapy due to its superior chemical, optical, and biological properties.
[139] However, very recently, nanoparticles with complex components
are also widely investigated for multifunctional purposes. For example,
a nanoframe loaded with phase change material has been presented to
enhance phototherapy as a thermal contrast agent. In the meantime, it
also can serve as the contrast agent for photoacoustic imaging and the
vehicle for targeted drug delivery. [128,140]

In addition to the light-to-heat conversion efficiency, it has been

pointed out that the scattering directivity also plays an important role in
the SAR distribution. [141] It was found that by using forward
scattering-dominated nanoparticles, the penetration depth of light in
tissue can be improved, and therefore improve the uniformity of SAR
and temperature distribution in the tumorous area, [141] which pre-
sented a new direction for the development of new nanoagents.

The above-mentioned methods can be classified as the active
method, in which the SAR distribution is controlled by a predesigned
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photothermal agent. It still requires a temperature measurement system
to monitor the temperature field of the biological tissue to actively
adjust the intensity or irradiation time of the laser radiation. By contrast,
passive temperature control methods also have been investigated by
some researchers. Nanoparticles with high light-to-heat conversion ef-
ficiency are preferred for photothermal therapy since it improves the
heating rate of the targeted tumor and lowers the demand for the
accumulation number of nanoparticles. However, it does not ease the
situation of overheating of surrounding biological tissue induced by heat
conduction. One of the promising ways to cope with this situation is to
utilize phase change (solid to solid or solid to liquid) nanoparticles to
control the heat absorption and release of the nanoparticles. Ren et al.
have investigated the possibility of utilizing optical phase change
nanoparticles (solid to solid) to reduce the overheating of healthy tissue.
[126] In their work, the potential of using VO3 and GST nanoshells as
thermal agents is investigated. It was found that the heat source distri-
bution can be passively controlled to increase the temperature rise in the
low-temperature zone while reducing the temperature rise in the high-
temperature zone, which will ultimately improve the temperature uni-
formity of the tumorous area. However, it has a relatively high standard
for the selection of optical phase materials and the size of the nano-
particles. They also pointed out that the temperature of the nano-
particles could be different from the apparent temperature of biological
tissue, which is very important and will be discussed later. In addition, it
is worth to mention that phase change nanoshells or nanoframes (solid
to liquid) which include phase change core and plasmonic shell, are also
very good candidates for thermal therapy. During the phase change
process, the nanomaterials can maintain a steady temperature to absorb
and release heat, which will reduce the overheating of healthy tissue
effectively. As far as we know, no studies are found regarding this topic
up to now. However, a few studies have applied the phase change
nanoparticles for the control drug release in tumor, [128,140,142]
which indicates the possibility of developing multifunctional nanoagent
for photothermal therapy.

5.3. Optimization methods

Due to the rapid development of optimization and machine learning
methods, they have been explored in a wide variety of research fields
including biomedical applications. Some optimization methods such as
traditional gradient algorithms [143,144] and genetic algorithm, [124]
have been applied in the field of photothermal therapy. The parameters
including heating conditions (laser intensity, wavelength, radius, and
heating time), nanoparticles parameters (volume fraction, shapes, sizes,
and materials), and boundary conditions (cooling method and cooling
time) are always adopted to control the therapeutic results. The most
important aspect during optimization is the formation of the object
function for the optimization of PTT. The objective is to kill maximum
numbers of tumor cells while minimizing the damage to surrounding
normal tissue. In addition, the surface temperature rise of tissue should
be kept to a certain level. Based on this concept, Navid et al. applied the
following parameter to evaluate the side effect of the photothermal
therapy for prostate tumors: [103].

VDumage

percentage = x 100% (33)

VProslale - VTumor

where Vgamage represents the thermal damage volume of the healthy
tissue. If the percentage is <5%, the heating strategy is regarded as
acceptable. However, this cannot be used to compare the efficacy of
different methods. Therefore, Zhang et al. applied the following object
function: [124].
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where Vg represents the volume of the damage area. Apparently, it is
difficult to balance these factors since most of the time they are con-
tradictory to each other. To simplify this problem, some researchers
tried to solve the optimization problem of PTT under the condition that
the whole tumor is damaged. [145] Then the objective function can be
given as:

- x —1Ib;\?
min f(IO,fw fo, "') = Wi (;> (35)
; ub; — Ib;

where I, fy, and ty stand for laser power density, the volume fraction of
nanoparticles, and the heating time, respectively. W is the weight factor
to measure the contribution of each parameter. ub and Ib. are the lower
and upper boundaries of the corresponding parameter, respectively.

6. Microscale and nanoscale
6.1. Localized heating

Localized heating means the temperature increase on the nano/
microscale which is confined near the nanostructure surface. Single
nanoparticle heating is the simplest case. For single nanospheres, the
temperature distribution in and around the nanospheres can be obtained
by solving the following equation: [146].

or
pevgy = kVT+Q (36)
where Q is the local heat intensity that comes from light dissipation of

nanoparticle and equals 0 when r > Ryp. It can be obtained by solving
the Maxwell equations. For nanosphere, it can be expressed as: [147].

Q:/Quw% 37
4(r) = Smle(@) Jeo|E(r) 38)

where ¢ and ¢y are the dielectric function of nanoparticle and matrix
media, respectively. Therefore, the temperature rise (t — o) outside the
nanoparticle can be given by a simply solutions: [146].

_e1
AT(I‘) = 47[](0 - (r > RNP) (39)
0 1
ATm’\X I —
) 4k Rxp (40)

When the ambient temperature is lower or the light intensity is
higher, the phase change process (melting or nanobubble formation)
may also be involved. The analytical solution for the temperature rise of
a nanosphere embedded in ice under the illumination of the laser can be
expressed as follows: [146].

0
A_Er < Rae
bhny A
AT() = B4+E  Ru<r<m “1
r
D
- r>Rb

r

where kp, is the thermal conductivity of gold. Ry, is the radius of the
interface location of the solid-liquid boundary. A, B, C, and D are un-
known coefficients. Considering that the temperature and energy flux
are continuous at interfaces, the above coefficients can be expressed as
follows:

QRZU

Ry = A0 __
7 3k(T, — T)

(42)
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where Ty is the phase transition temperature. T, is the equilibrium
temperature of matrix media. For the nanobubble formation, the process
is much more complex and different mechanisms may be involved.
Details can be referred to a very recent review paper. [148]

For the biological application, the nanoparticles are always coated
with biocompatible and identifiable materials, such as poly (ethylene
glycol) (PEG), which will induce an inevitable influence on the optical
and thermal properties of nanoparticles. [149] A similar analytical so-
lution can also be obtained. For other nanoparticle shapes, such as rods,
and prisms, the situation will be much more complicated. Baffou et al.
developed a method to calculate the temperature increase induced by
arbitrarily-shaped nanoparticles by introducing a dimensionless
thermal-capacitance coefficient 4 to Eq. (39): [150].

0 1

AT =
4rko PRes

(47)

where R is the effective radius of the nanoparticle which equals the
radius of a sphere with the same volume. As the volume of the nano-
particle is quite small, the temperature field far from the nanoparticles
can still be calculated by Eq. (38). In addition, the expressions g for
different shapes are also given (see Fig. 10), and they were fitted as a
function of aspect ratio D/d: [150].

Ellipsoid f = exp {\/ 1+ 0.0416n2(D/1.85d) +0.092in(D/1.85d) — 1 }
(48)

Rod 8 = 1 4+0.96587In*(D/d) (49)
Disk = exp[0.04 — 0.0124In(D/d) 4 0.0677In*(D/d) —0.00457In* (D /d)]
(50)

Ring # = 1.021 +0.17442In*(D/d — 0.625) (51)

It should be noted that the value of # does not affect by the inner
structure of nanoparticles. For example, the value of $ for nanoshell is 1.
The thermal effect of a small amount of closely-packed nanoparticles
is also classified as localized heating in this review. As for the boundary
of localized and collective heating for nanoparticle arrays with a large
number of nanoparticles, Baffou et al. have derived a few dimensionless
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parameters to distinguish the two situations, [151] which will be
introduced later. For closely-packed nanoparticle clusters, the near-field
interaction between the nanoparticles plays an important role in the
temperature profile of the dimers. As pointed out previously, the tem-
perature rise for nanoparticles is contributed by two different effects, i.
e., the superposition effect and the plasmonic coupling effect. [152] This
is commonly investigated for the enhancement of localized heating.
Meanwhile, the plasmonic coupling effects for individual nanoparticles
are heavily dependent on their local situation, such as the distance from
other particles and the number of interacting particles, which may lead
to the extremely uneven temperature distribution. Therefore, the
arrangement of nanoclusters plays an essential role in nanoscale tem-
perature manipulation (see Fig. 11). Despite the temperature distribu-
tion, the arrangement of nanoparticle clusters also has a great impact on
the spectral optical properties, which is also very important for the
application of photothermal therapy. Previous investigations have
revealed the relationships between the absorption spectra and the
geometrical parameters of different nanoparticle clusters such as
nanospheres, nanorods, and nanoprisms. [36,153]

Most of the theoretical investigations in the nanoscale are based on
water solutions instead of the realistic biological environment which
usually involves salts and proteins, [161] partially because of the com-
plicity of biological structure and their unknown photothermal prop-
erties. Therefore, in most studies, only the local temperature change is
under consideration, which means the interaction between nanoparticle
and biological systems is overlooked. To fill this gap, Dominik et al.
investigated the temperature profile of gold nanoparticles embedded in
a biological fluid (serum, growth medium, etc.). [161] Through nu-
merical and experimental investigations, they found that the complex
biological media in the fluid reduces the formation of bubbles compared
to water. However, to the best of our knowledge, numerical simulation
of heat transfer phenomenon considering the influence of micro/nano-
structure and accurate thermophysical properties of biological cells is
very limited and still needs further investigation.

6.2. Collective heating

In contrast, collective heating refers to a widespread temperature rise
in a larger area. [162] As mentioned, Baffou et al. have derived a few
dimensionless parameters to distinguish the localized heating and col-
lective heating based on regularly distributed nanoparticle array. [151]
They found that the geometry of the nanoparticle arrays has an essential
influence on their heating patterns (see Fig. 12). [151] On this basis, a
simple expression is obtained to determine the temperature distribution
in the nanoparticle arrays. The temperature increase of a certain nano-
particle j in an assembly of N identical nanoparticles is determined by

two contributions: [151]
AT; = AT} + AT} (52)

The first term on the right indicates the self-contribution, which can
be calculated using Eq. (40), while the second term on the right accounts
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Fig. 10. Universal dimensionless thermal-capacitance coefficient for ellipsoids, rods, disks, and rings as a function of their aspect ratio. [150] Reprinted with

permission from Ref. [150]. Copyright 2010 American Chemical Society.
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Fig. 11. Localized heating of nanoparticle clusters. (A) Nanorod dimer; [154] Adapted with permission from Ref. [154]. Copyright 2018 Elsevier. (B) Nanosphere
dimer; [155] Adapted with permission from Ref. [155]. Copyright 2017 American Chemical Society. (C) Nanobrick dimer; [156] Adapted with permission from
Ref. [156]. Copyright 2010 American Physical Society. (D) Nanosphere trimer; [157] Adapted with permission from Ref. [157]. Copyright 2015 Springer Nature. (E)
Nanosphere trimer with nanorod hot spot; [158] Adapted with permission from Ref. [158]. Copyright 2016 American Chemical Society. (F) Nanosphere trimer with
nanosphere hot spot; [152] Adapted with permission from Ref. [152]. Copyright 2019 Engineered Science Publisher. (G) Nanosphere chains; [159] Reprinted from
Ref. [159], whose figures are licensed under Creative Commons Attribution License 4.0 (CC BY). (H) Closely packed nanosphere cluster. [160] Adapted with

permission from Ref. [160]. Copyright 2019 American Chemical Society.
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Fig. 12. Temperature distribution when illuminating the nanoparticle arrays with a uniform laser beam. [151] Reprinted with permission from Ref. [151]. Copyright

2013 American Chemical Society.

for the contribution of all the other N-1 nanoparticles in the assembly,
which can be expressed as: [151].

ext
AT Z ko [r; — 1| rk‘ 3

K

On this basis, the estimation of temperature in the center of the
nanoparticle assembly is derived for typical situations. [151] It should
be noted that this is based on continuous wave irradiation. Most
recently, this has been extended to transient heating. [163] Analytical

12

results for the spatiotemporal temperature rise of the 2D, 3D, and
spherical nanoparticle arrays were derived. Similar to the stationary
cases, a set of dimensionless parameters to characterize the localized
heating and delocalized heating were obtained.

Beyond the temperature calculation method, the manipulation of the
temperature field in the microscale based on plasmonic nanoparticles or
nanoparticles clusters is also an emerging research field due to its po-
tential wide applications. [151] The manipulation methods can be
roughly classified into two categories: one is based on the predesigned
nanostructure and the other is based on the controllable dynamic change
of operating conditions (see Fig. 13). It is commonly understood that the
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Fig. 13. Temperature control in microscale based on plasmonic nanoparticles. (A) Nanostructure based method; [165] Reprinted with permission from Ref. [165].
Copyright 2021 Walter de Gruyter. (B) optomechanical method. [166] Adapted with permission from Ref. [166]. Copyright 2018 Royal Society of Chemistry.

nano/micro temperature distribution of light illuminated nanoparticles
or nanoparticles arrays is heavily dependent on the nanoparticles’
components, sizes, structures, the optical/thermal properties of the
matrix media, and the arrangements and structures of the nanoparticle
array. [138,164]

It should be mentioned that different methods have been proposed to
induce the aggregation of nanoparticles to enhance the photothermal
effect. [167,168] Supramolecular self-assembly is one of the promising
ways to achieve this goal. [169] On this basis, the concept of ‘supra-
molecular photothermal effects’ has been proposed to refer to the
enhanced collective photothermal conversion efficiency of photo-
thermal sensitizers. [170] Beyond photothermal enhancement, recent
investigations have shown that the supramolecular photothermal effects
can be utilized to tune the absorption spectrum, control intramolecular
motions, and increase the stability of the nanomaterial (see Fig. 14).
[171] More details can be referred to the recent works of Yan’s group.
[171-173]
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6.3. Thermal interaction between nanoparticle and biological structures

Collective heating is one of the main reasons for the temperature
increase of biological tissue during thermal therapy with nanoparticles
as nanosource of heat. [174] It is found that the heating power needed
increases exponentially with the reduction of tumor size when the same
temperature increase is achieved. [175] Naturally, for microscale (cell
level) heating, the collective heating will be further weakened and
should be investigated thoroughly, which may give more insight into the
detailed mechanism for the particle-cell to particle-molecule in-
teractions. The most simple and common way to calculate the temper-
ature field in cell scale is to use the same heat transfer equations as the
macro ones. [176] However, this will neglect the contribution of small
structural elements in cells and the discontinuity of thermophysical
properties which may lead to huge errors compared to the actual
situation.

It is important to know that, unlike inorganic materials, biological
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Fig. 14. Supramolecular photothermal effects. [171] Reprinted with permission from Ref. [171]. Copyright 2020 Wiley.
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tissue is made of thousands of biological cells in the microscale. When
one talks about the damage of tissue, it is actually caused by the death of
single cells. Therefore, for thermal therapy, the detailed mechanism that
causes the death of a single cell should be investigated. However, in
most of the theoretical works, more attention has been paid to the
macroscopic temperature or apparent temperature. [177-179] In a
recent paper, Zhu et al. found that during photothermal therapy, the
microscopic temperature of cells will be much higher than that of the
macroscopic temperature of the tissue, which means that the tumor cells
could be killed at a much lower apparent temperature. [180] They
proved that using a simple experiment that illustrates the viability of
Hela cells under different heating conditions, i.e., photothermal heating
and external heating (see Fig. 15). To quantify the temperature differ-
ence between macro and micro temperature, a simple way is to start
from the well-controlled nanoparticle assemblies or arrays.

For single cell or molecule-level investigations, it is important to
predict the activation of biological entities. As mentioned, the thermal
damage of biological tissue can be predicted by different kinds of models
including the Arrhenius model. However, in the nanoscale, the thermal
damage cannot be simply calculated by the thermal damage model. It
involves complicated interaction between the nanoparticle and different
micro and nanostructures of the cell, including the membrane, nucleus,
or even protein molecule. Many studies have been carried out to
investigate the thermal interaction between the nanoparticles and
membrane experimentally. Bendix et al. used the optical trapping
technique to control the distance between the bilayer/vesicle and the
nanoparticles (see Fig. 16A). [181] On this basis, an experiment was
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presented to quantify the membrane lesions utilizing localized nano-
plasmonic heating of gold nanoparticles. It was found that the localized
thermal effect of plasmonic nanoparticles can induce membrane
permeability. [181] This can be used to deliver individual plasmonic
nanoparticles into the biological cell in vitro by combining with other
techniques such as optical tweezer. [182] Most importantly, this can be
achieved with a very high cell survival rate (>70%), which means the
thermal damage to local biological structures does not necessarily mean
the death of biological cells. Therefore, the detailed mechanism for cell
death needs to be further investigated to link the nano, micro, and macro
results.

Molecule-level investigations have also been conducted. It was found
that nanosecond laser irradiated nanoparticles can be used to unfold and
inactivate protein due to localized heating (see Fig. 16B). [162,183,184]
The effects of particle size, laser intensity, and pulse number were also
obtained. [183] Due to the complicity of the microstructure of biological
cells and lack of thermophysical properties, most theoretical studies
concerning the thermal interaction between nanoparticles and biolog-
ical cells or molecules assume that the nanoparticles are surrounded by
water as matrix media. However, the microstructures of biological cell-
like membranes and other organelle need to be considered for the
microscale heat transfer problem. It is important to note that the MCM is
based on the geometrical optics approximation and does not apply to the
radiative transfer problems in the scale of cell membrane and micro-
structure elements inside a cell. This falls in the field of wave optics
which could be investigated by solving the Maxwell’s equations.
Meanwhile, it is worth to mention that for macroscale problems, the

Calcein AM&PI

Fig. 15. Thermal images and Calcein AM and PI double-stained images of HeLa cells treated with photothermal heating or external heating. [180] Reprinted from
Ref. [180], whose figures are licensed under Creative Commons Attribution License 4.0 (CC BY).
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Fig. 16. (A) Schematic illustration of the plasmonic heating induced membrane permeability; [181] (B) Inactivate protein using nanosecond laser pulse without
increasing the solution temperature. [183] Adapted with permission from Ref. [183]. Copyright 2017 Wiley.

application of short-pulsed radiation in photothermal therapy also has
been investigated. It was pointed out that the transient effects have a
great influence on the temperature variation due to the relatively strong
scattering and long extinction path of near-infrared radiation in the
therapeutic window [185], which should be dealt with more carefully.

7. Summary and outlook

In this review, we summarized the development and recent progress
of multiscale photothermal conversion and transfer from the perspec-
tives of photothermal therapy which is a promising tool for the treat-
ment of early-stage tumors or other types of diseases [186] using laser-
induced heating effect. Nanoparticles are usually adopted as photo-
thermal conversion agents to improve the selective heating of targeted
areas. After the development during the last few decades, exciting im-
provements have been achieved in different aspects. Several bioheat
transfer models based on Fourier and non-Fourier effects have been
developed. The influence of metabolic heat generation, blood flow, local
thermal non-equilibrium, the time lag induced by the special structure
and properties of biological tissue, and many other factors have been
considered in different models. In addition, the numerical models for
radiative transfer in biological tissue are well developed which have
considered the complicate light-tissue and light-nanoparticle in-
teractions. On this basis, temperature manipulation and optimization
methods have been widely investigated in the macroscale, which is the
most important way to improve the therapeutic outcomes of photo-
thermal therapy.

Recently, it was found that the macroscale temperature (or the
apparent temperature) does not match with the nanoscale counterpart
which may lead to an inaccurate result when predicting the livability of
biological cells using temperature-based measures. [180] Therefore,
numerical and theoretical studies have been carried out to quantify the
steady and transient temperature distributions induced by the thermo-
plasmonic effect of laser irradiated nanoparticles. The boundary of
localized heating and collective heating has been drawn to indicate
when one should consider the huge temperature difference between
apparent temperature and localized temperature. [151,163] Moreover,
it was found that localized heating can be applied in many other fields
such as molecular hyperthermia [183,184] and nanosurgery [187,188]
to take advantage of the highly confined heating effect.

Although exciting achievements have been made in related fields of
photothermal conversion and transfer in macro/micro/nanoscale,
further studies are still needed. On the macroscale, a more reliable and
easy way to manipulate and monitor the temperature field during
photothermal therapy is still worth further investigation. In the micro
and nanoscale, a bioheat transfer model should be developed. In those
situations, the traditional bioheat transfer equation is obviously not
applicable. The traditional steady state or transient heat transfer
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equations are always employed without considering the heat generation
or absorption of different cell structures in previous studies. Moreover,
the thermal damage mechanism in the micro and nanoscale also needs
further investigation. Although the limits for localized heating and
collective heating have been clarified for different nanoparticle arrays,
the temperature difference between nanoparticles and biological tissue
has not been considered in actual application scenarios. Meanwhile, on
the application side, further investigations are recommended to develop
a versatile simulation platform for temperature prediction during pho-
tothermal therapy by including different heat transfer models and con-
ditions to guide the process of photothermal therapy.
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