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Abstract
Hyperthermia is an anti-cancer treatment in which the temperature of the malignant tumor is increased more than other adjacent
normal tissues. Microwave, ultrasound, laser, and radiofrequency sources have been used for hyperthermia of cancerous tissues.
In the past decade, near-infrared (NIR) laser for cancer therapy, known as photo-thermal therapy (PTT), was expanded in which
the photo-sensitizer agent converts the light photon energy to heat. The heat following PTT can destroy cancer cells. There are
some photo-sensitizer agents which have been used for PTT; however, owing to recent advances in nanotechnology, noble metal
nanoparticles like gold (Au) nanoparticles (GNPs) have been used successfully in PTT. GNPs have some desirable specifications,
including simple and controlled synthesis, small size, high level of biocompatibility, and surface plasmon resonance (SPR). The
SPR effect of the GNPs increases the radiative properties like absorption and scattering; therefore, they can be used in PTT. In this
article, we reviewed recent in vitro studies of PTT using GNPs in literature. At first, we focus on the physical properties of GNPs,
their interaction with infrared radiation, and physical parameters governing the interaction of infrared radiation with the GNPs.
Then, we review the passive and active targeting of GNPs using the different coating to induce the thermal damage in cancer cells
using low-level laser PPT. The GNPs’ cellular internalization into cancer cells is a challenge which is consequently considered. In
this review, we also summarize the results of synergistic cancer therapy studies on the combination of radiation therapy as a
routine cancer treatment and PTT: in which significant improvement occurs in treatment efficacy.
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Introduction

Photo-thermal therapy (PTT) is a non-invasive and relatively
new method of cancer treatment [1]. In PTT, the absorbed
light turns into heat and cancer cells are destroyed due to their
high temperature, which results in photoablation followed by
cell death [2]. PTT is simply functional and has a great poten-
tial to improve the recovery time and providing a better output
of cancer treatment [3]. It also reduces the cure complexity
and time spent on treatment [1].

Studies have shown that the temperature over 40 °C causes
irreversible damage to proteins and an inefficiency of DNA
double-strand break repair [4, 5]. Other studies have shown
that increasing temperature to 43 °C destroys cancer cells due
to lack of glucose [1]. PTT includes enhancing the cancer cell
temperature in the range of 42–46 °C in which most of the
structures and enzymatic proteins change and eventually
causes cell death [6, 7]. In addition to the low thermal thresh-
old of the cancer cells [7], low pH and hypoxic conditions in
cancer cells make them more vulnerable to PTT compared to
normal cells [8].

Different sources, including laser, microwave, ultrasound,
and radiofrequency waves, have been studied for PTT [3, 9].
Damage to normal cells surrounding the tumor limits use of
conventional sources of heat production [10]. Low absorption
of radiation in tumors is another limitation on the use of these
sources; for example, radiofrequency waves have less absorp-
tion with gold nanoparticles (GNPs) [11]. On the other hand,
PTT by laser has advantages like reduced expense, fewer side
effects, and suitable wavelength for biological applications [6,
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12]. The use of two windows of laser for PTT results in min-
imum absorption in the peripheral tissues: the first window at
the wavelength range of 650–940 nm corresponds to near-
infrared (NIR) region, and the second window is in the range
of 1000–1350 nm called infrared (IR) region [3]. In the first
window, absorption and scattering of the light take place in
water molecules which leads to the higher efficiency of pen-
etration of the radiation [4]. However, PTT with NIR wave-
lengths has disadvantages such as limited penetration for deep
tumors (deeper than 3–5 cm) [4, 11]. Enhancing the laser
power results in more reduction in the normal cells’ viability
[10] as well as an inhomogeneous and non-selective distribu-
t ion of the heat especial ly in deep tumors [13].
Nanotechnology in medicine plays an important role which
can aid to solve these problems [14].

Gold nanoparticles in PTT

The efficacy of PTT has been improved by nanotechnology
[15, 16]; in which different nanoparticles (NPs) have been
used as intermediary for converting the light to heat and con-
sequently local temperature enhancement [4, 17–19]. NPs
used in thermal therapy have mainly included two categories:
(1) thermal-magnetic NPs; these NPs under an alternating
magnetic field with high frequency are involved in heat pro-
duction. (2) Thermal-light NPs; in PTT using these NPs, the
light turns into heat by the plasmonic effect of the NPs [3, 20].
Among the various non-organic plasmonic nanoparticles,
GNPs possess unique properties such as large surface to vol-
ume ratio, simple synthesis, and low toxicity or high biocom-
patibility [8] which have been widely used in nanomedicine
researches [14, 18]. It is possible to adjust maximum absorp-
tion spectrum of the GNPs in the NIR region by modifying
their size and shape [21]. Therefore, GNPs can be effectively
used to absorb NIR light and efficiently transform into heat in
PTT [8, 21, 22]. In addition, plasmonic GNPs have consider-
able thermal stability and good pre-clinical tolerance without
significant side effects [8]. GNPs can more aggregate in can-
cer cells through a passively accumulation in tumors because
of the enhanced permeability and retention (EPR) effect [23].
This phenomenon occurs, since administrated NPs can leak
out from tumor blood vessels, but not from normal vessels.
Tumor blood vessels possess a high number of pores; hence,
when NPs are injected into the bloodstream, they could ex-
travasate through these pores and aggregate in the tumor in-
terstitial fluid [24]. Due to the fast growth of tumor cells, they
have ineffective lymphatic drainage. Therefore, the extrava-
sated NPs can retain within the tissue for long times [25]. The
higher level of the NPs in tumor cells compared to the normal
cells provides an enhancement of radiation absorption in
them; consequently, an effective treatment with fewer side
effects occurs [2, 17, 22].

The mechanism of treatment PTT by GNPs includes the
collision of laser radiation to GNPs and electron excitation of
the NPs; then during energy redistribution, the electrons reach
to new equilibrium Fermi electron distribution [17]. Hot elec-
trons give their energy to the lattice and through phonon-
phonon scattering, heat is transferred to the environment in
picoseconds, and GNPs are rapidly getting cold [17, 26, 27].
In other words, as a result of excitation, fast local heat is
generated [18]; hot electron temperature rises to thousands
of degrees Kelvin and lattice temperature reaches to 10° when
GNPs irradiated by NIR [26]. This property makes GNPs
suitable for cancer treatment through PTT [26]. In fact, a
low-power laser can be used in GNP-mediated PTT in which
damage in surrounding normal tissue and consequent side
effects in normal cells decrease while cancer cell death in-
creases [2, 10, 28]. Due to changes in temperature, different
physical and biological responses take place depending on the
laser power which include phase alteration in lipid membrane
that followed by membrane melting in nanoscale, denatur-
ation of the proteins surrounding GNPs, fast melting of
DNA, releasing molecules of the GNPs surface, and evapora-
tion of water around the nanoparticles [17]. Figure 1 shows the
combination of the unique properties of GNPs with PTT
which causes cancer cell death.

PTT efficacy using GNPs depends on several factors [17],
e.g., size of the GNPs is an important factor, so that increasing
the GNPs’ size reduces the ability of converting light into heat
and as a result, the efficiency of PTT is decreased [29]. In
another study, the comparison between the gold-silica nano-
shells with different thicknesses of gold revealed that GNPs
with a higher thickness of gold exhibited a stronger absorption
band but the lower heat therapeutic effect [30]. The second
factor is the distribution of laser flux; it has been shown that
some parameters including duration and intensity of laser in-
fluence on the cell death in PTT [10]. Also, lasers in pulsed
mode (and especially with a high pulse energy) can be asso-
ciated with strong heating effects which can have many con-
sequences. The pulsed laser with short pulse duration relative
to continuous wave lasers delivers a greater amount of energy
to tissue [10]. Also, due to heat transfer to water, pulsed lasers
cause the phase change in the water, and therefore, bubbles are
formed in the biological system [17]. It has been reported that
bubbles are significantly formed by GNPs irradiated with
pulsed laser in the cytoplasm [10]. Therefore, use of pulsed
lasers in the presence of GNPs has the advantage, so that one
can reduce the pulse laser energy while having the same ef-
fects [17].

Studies have shown a positive relationship between laser
power density and cellular dysfunction in which cell death rate
increases with increasing the laser power density [4].
Although the PTT effect of high-energy laser irradiation is
highly considerable, it also causes non-specific cell killing
[30]. These results indicate the importance of choosing the
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appropriate power to minimize damage in the normal tissue
adjacent the tumor. The laser power is suitable if it will be less
than the skin tolerance threshold. To fulfill this aim, the max-
imum exposure can be applied to the skin at a wavelength in
the range of 808–980 nm, is about 330–350 mW/cm2 with a
radiant time of 10 to 100 s [20]. The power of lasers used in
PTT studies is less than the threshold level of cell damage
[22]. The laser irradiation time is also another effective param-
eter, so that increasing the infrared radiation time increases the
temperature and consequently cell killing is increased [30].

The fourth factor which affects on the efficacy of GNPs-
mediated PTT is the amount of GNPs within the cancer cells
[10, 15, 30]. Some parameters such as the GNPs’ size, mor-
phology, and surface modification as well as incubation time
can alter the amount of internalized GNPs into the cancer cells
[1, 3, 31, 32]; for example, increasing the incubation time of
GNPs with cancer cells increases the GNPs’ internalization
into the cells and therefore increases the efficiency of thermal
therapy [6]. The parameters used in GNPs-mediated PTT in
some in vitro studies and also their results are tabulated in
Table 1.

Coating the GNPs for PTT

Nanoparticles used in PTT are mainly composed of two parts:
(1) the core, which acts as a heat-to-light conversion agent; (2)
the peripheral part that is responsible for stability of the NPs in
complex physiological environments; also loading the
targeting agents on the NPs increases their identification and
consequently their uptake by cancer cells [29]. Although
GNPs can passively, without targeting agent on their surface,
accumulate in cancer cells [1, 22], they have a non-specific
connection with the cells’ membrane [35, 36]. Due to the
GNPs accumulation in normal cells, an undesirable damage
associated with non-targeted GNPs can be increased [37].
Therefore, without the differential effect of the GNPs’ uptake
between tumoral and normal tissues, effective treatment of the
tumor is not achievable through PTT [21]. Targeted GNP is
the best strategy for having more effective and also selective
treatment with minimal side effects as well as reducing the
laser power and consequently increasing safety in NP-
mediated PPT [29, 30].

Due to the surface characteristics of GNPs, it is possible to
connect through the thiol (-SH) and amine (-NH2) groups [20,

Gold Nanorods

Gold Nanospheres

Gold Nanocages

Gold Nanostars

Combining form (PTT + RT)

Gold Nanoprisms

Cancer cell death

Surface plasmon
resonance

Drug targe�ng

High surface to volume ra�o

Excellent 
Biocompa�bility 

Surface Modifica�on

Proper�es 
photothermal 

therapy

Proper�es of 
gold 

nanopar�cles

Facile Synthesis Drug release

Hollow gold nanopar�cles

Gold Nanoshells

Protein denatura�on

Mel�ng of the DNA

Evapora�on of water

Altera�on in lipid membrane 

Fig. 1 Representation of different
types of gold nanoparticles in
photo-thermal therapy

Lasers Med Sci (2018) 33:917–926 919



Ta
bl
e
1

So
m
e
in

vi
tr
o
st
ud
ie
s
on

th
e
us
e
of

la
se
r
an
d
N
Ps

fo
r
ca
nc
er

PT
T

N
an
op
ar
tic
le
s

C
el
ll
in
e

R
ad
ia
te
tim

e
(m

in
)

L
as
er

po
w
er

de
ns
ity

(W
/c
m

2
)

W
av
el
en
gt
h

of
la
se
r(
nm

)
E
m
is
si
on

m
od
e

of
la
se
r

O
ut
co
m
e

N
IR

pe
ak

ab
so
rp
tio

n
of

G
N
P
(n
m
)

R
ef
er
en
ce

no
.

A
nt
i-
E
G
FR

-G
N
R
s

13
21

N
1
U
37
3-
M
G

40
,7
5

2.
5

80
8

C
on
tin

uo
us

w
av
e

C
el
ld

ea
th

in
cr
ea
se
d
af
te
r
la
se
r

ir
ra
di
at
io
n
w
ith

co
nj
ug
at
ed

G
N
R
s
co
m
pa
re
d
to

un
-c
on
ju
ga
te
d
G
N
R
s

80
8

[7
]

P
E
G
-P
ro

G
–G

N
P
s

SK
-B
R
-3

3
3,
5

81
7

–
D
ue

to
lo
ca
liz
ed

hy
pe
rt
he
rm

ia
,

di
sr
up
tio

ns
of

ce
ll
m
em

br
an
e

re
su
lte
d
th
at
pr
ov
id
ed

a
m
ec
ha
ni
sm

fo
r
ki
lli
ng

ca
nc
er

ce
lls

88
3
±
26

[3
1]

A
nt
i-
E
G
FR

-G
N
R
s

H
aC

aT
H
O
C
H
S
C
3

4
5,
10
,1
5,
20
,2
5

80
0

C
on
tin

uo
us

w
av
e

T
hr
es
ho
ld

en
er
gy

to
ki
ll
th
e
ca
nc
er

ce
lls

is
fo
un
d
to

be
10

W
/c
m

2
,

w
hi
ch

is
H
S
C
an
d
H
O
C
ar
e

in
ju
re
d
w
hi
le
th
e
H
aC

at
no
t

af
fe
ct
ed

~
80
0

[3
3]

P
E
G
–G

N
R
s

A
-5
49

B
C
-3
7

H
el
a

H
ep
G
2

H
L
-7
70
2

8
3–
11

80
8

–
C
om

pa
re
d
to

th
e
no
rm

al
liv

er
ce
ll,

N
IR

ir
ra
di
at
io
ns

in
th
e
pr
es
en
ce

of
PE

G
-G

N
s
in
du
ce
d
m
uc
h
m
or
e

da
m
ag
e
to

th
e
ca
nc
er

ce
lls
.

~
80
0

[2
1]

12
P-
PE

G
-G

N
R
s

H
ep
G
2
H
L
-7
70
2

8
6–
15

80
8

D
ec
re
as
e
in

ce
ll
vi
ab
ili
ty

of
H
ep
G
2

ce
lls

w
as

m
or
e
th
an

it
in

H
L
-7
70
2
ce
lls

(w
ith

th
e
la
se
r

po
w
er

de
ns
ity

m
or
e
th
an

9
W
/c
m

2
)

P
E
G
-G

N
R

PC
3-
PS

M
A

15
20

80
0

C
on
tin

uo
us

w
av
e

E
xt
ra
ce
llu

la
r
hy
pe
rt
he
rm

ia
si
gn
if
ic
an
tly

in
du
ce
d
ca
nc
er
ce
lls

de
at
h.

80
0

[3
4]

G
N
C
s
G
N
Ps
-s
he
ll

G
N
R
s-
sh
el
l

H
eL

a
40

0.
05
4

94
0

C
on
tin

uo
us

w
av
e

G
ol
d
na
no
sh
el
ls
ca
n
se
rv
e
as

ex
ce
lle
nt

m
ul
ti-
fu
nc
tio

na
l

th
er
an
os
tic

ag
en
ts
(f
lu
or
es
ce
nc
e

im
ag
in
g
+
PD

T
+
PT

T
)
up
on

si
ng
le
ph
ot
on

N
IR

lig
ht

ex
ci
ta
-

tio
n
un
de
r
ul
tr
al
ow

la
se
r
do
se
s.

–
[2
0]

S
-G

N
SC

M
-G

N
S
C

L
-G

N
S
C

B
16
-F
10

–
6

80
0

Pu
ls
ed

w
av
e

A
nt
itu

m
or

ab
ili
ty

of
th
es
e
th
re
e

G
N
SC

s
de
pe
nd
s
on

th
ei
r

m
or
ph
ol
og
y
an
d
si
ze
.

80
0

[1
5]

A
nt
i-E

G
F
R
-G

N
R
s
an
ti-
ep
id
er
m
al
gr
ow

th
fa
ct
or

re
ce
pt
or

go
ld
na
no
ro
ds
,P

E
G
-P
ro

G
–G

N
P
s
PE

G
yl
at
ed

pr
ot
ei
n-
G
go
ld
na
no
pa
rt
ic
le
s,
P
E
G
–G

N
R
s
PE

G
yl
at
ed

go
ld
na
no
ro
ds
,1
2P

–P
E
G
-G

N
R
s
th
e
pe
pt
id
e

12
P
PE

G
yl
at
ed

go
ld

na
no
ro
ds
,G

N
C
s
go
ld

na
no
ca
ge
s,
G
N
P
s-
sh
el
lg

ol
d
na
no
pa
rt
ic
le
-i
n-
se
ll,

G
N
R
s-
sh
el
lg

ol
d
na
no
ro
d-
in
-s
he
ll,

S-
G
N
SC

sm
al
lg

ol
d
na
no
sh
el
lc
ap
su
le
, M

-G
N
SC

m
ed
iu
m

go
ld

na
no
sh
el
l

ca
ps
ul
e,
L-
G
N
SC

la
rg
e
go
ld

na
no
sh
el
lc
ap
su
le

920 Lasers Med Sci (2018) 33:917–926



38] for various ligands such as antibodies, peptides, nucleic
acid aptamers, and small molecules with the aim of identifying
and connecting to a particular cell [1–4]. The ligands have
good biocompatibility after binding to the GNPs surfaces
[32] and sustain their biological activity [31, 32]. Therefore,
by active targeting, bounded ligands to the GNP surface in-
crease their concentration on a specific cell membrane [32].
For example, using GNPs bounded to the CD44 agent under
irradiation with NIR light, a significant therapeutic effect has
been shown in comparison to naked GNPs [4]. It has been
reported that conjugating an appropriate targeting agent to
the surface of GNPs, the therapeutic efficacy of PPT can be
five times greater than without conjugation [29]. Other recent
studies have confirmed the role of binding GNPs with specific
biological molecules for active targeting of cancer cells [7,
39–41].

Different agents have been used for surface modification of
GNPs: one of them is polyethylene glycol (PEG); PEGylation of
GNPs surface not only increases their hydrophilicity but also as a
passive targeting [4] improves their biocompatibility [12, 21].
Folic acid (folate) is used as an active targeting agent and widely
used to help in detection of cancer cells [16, 41]; it is a water-
soluble vitamin and non-immunogenic agent [42]. Some cancer
cells in ovarian, fallopian tube, kidney, lung, and thyroid cancer-
ous tissues tend to overexpress the folate receptors (about ten
times more than the normal cells) on their cell membrane; folate
serves as a co-factor in the synthesis of nucleic acid and amino
acids [40]. By targeting the folate receptors on the surface of such
cancer cells, normal cells can be protected from damage of PTT
due to the differential effect of uptake in them [42].

Aptamer is a targeting agent that can be attached to the surface
of the GNPs by the thiol group [43]. The aptamer is an oligonu-
cleotide of DNA or RNA, which can be attached to specific cell
membrane proteins with a three-dimensional structure [31]. The
aptamer is chemically synthesized in an in vitro environment
through the SELEX (Systematic Evolution of Ligands by
EXponential Enrichment) method [43]. Advantages of using
aptamer as a targeting agent are its simple synthesis, small size,
ease of modification, alteration, and storage [6]; due to these
advantages, some other targeting agents such as antibodies have
been replaced by aptamer in recent years [28]. Therefore, these
specifications have made aptamer suitable for active targeting of
cancer cells [6]. Aptamer has been also used to detect low-
density cancer cells with a high sensitivity [31]. The high affinity
of aptamers for binding to the GNPs’ surface is the other advan-
tage [28], in which high level of ligand density increases the
therapeutic efficacy [29].

Conjugating NPs with antibodies provides an effective and
selective targeting [35]. Accumulation of antibody conjugated
GNPs in cancer cells causes these cells to be sensitive to PTT
[7]. Antibodies have specific binding to cancer cells; also by
blocking the signal path, they kill the cancer cells [30].
Despite the specific antibody binding to the cancer cell, they

can potentially be immunogenic [28]. Large hydrodynamic
size of antibody-conjugated NPs reduces their cellular uptake
[28, 44].

Peptides, short polymeric amino acid sequence, can be
used for identifying specific cells [44]. Less immunization,
high biocompatibility, and more internalization into cells are
the advantages of peptides over antibodies [1, 45]. A study has
shown that GNPs conjugated with peptides effectively reduce
cancer cell survival in PTT [31].

Cellular uptake of GNPs for PTT

In addition to the advances in developing appropriate GNPs,
their destination for treatment, as a determinative factor in
light to heat conversion efficiency, needs to be investigated
[3]. The therapeutic effects of GNPs depend on their location
inside or outside of cells [46]. GNPs can either remain on the
cell surface or induce biological responses through different
cellular uptake pathways. The cell membrane is the main bar-
rier to entering the GNPs into the cell [17]. Damage to the cell
membrane through the PTT is a non-invasive and irreversible
technique for destroying the cancer cells [10, 31]. It also has
been demonstrated that for photo-thermolysis induction,
GNPs attached to the cells’membrane need lower laser power
than the internalized GNPs into the cells [17, 31]. On the other
hand, it has been shown that cancer cells just are damaged due
to the presence of GNPs in the cells’ membrane, for which
GNPs cannot enter the cells through endocytosis; while the
necrotic process occurs during PTT by their entrance into the
cells [10]. Another advantage of entrancing the GNPs into
cancer cells in PTT is reducing the side effects, because it
reduces the need for high amounts of GNPs [47]. Therefore,
investigating the intracellular events may help for better un-
derstanding of the GNP-mediated PTT mechanism.

NPs endocytosis is mainly accomplished with the phago-
cyte mechanism, which is an energetic process and non-
phagocytic mechanisms (pinocytosis) which include several
mechanisms such caveolae-mediated endocytosis [48].
Therefore, the mechanism of the NPs’ entrance into cells
may be different in different cells. Also, cancer cells have a
higher capacity for endocytosis due to their high metabolic
activity compared to normal cells [49]. The internalization of
NPs into cells plays a major role in causing cytotoxicity and
therefore irreversible damages [17, 18]. The internalization
potential of GNPs into a cell depends on several factors [48]
including the GNPs’ size, shape (morphology), surface mod-
ification, concentration, the time duration that GNPs are ex-
posed to the cancer cells as well as cell type and ligand type
[17, 39, 49–51]. The NPs’ size is an important factor which
affects on their cellular uptake, intracellular distribution, and
cytotoxicity [52]. Also, it has been shown that cellular re-
sponses to PTT depend on the size of NPs; a comparison
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between different sizes of the spherical GNPs has revealed
that the size of 50 nm has the greatest efficiency in entering
into the cell [17, 49]. Different shapes of NPs show the differ-
ent level of interaction with the cells’ membrane and conse-
quently a different cellular uptake occurs [18]. The positive
charge on the NPs’ surface increases the cellular uptake due to
electrostatic interactions with cell surface [29, 47, 49]. Adding
ligand on GNPs surface may increase the positive charge on
the NP surface [31]. So that the NPs’ internalization into the
cells increases. In addition, to increase the stability of NPs,
PEGylation also increases cellular uptake [14, 22]. Also, func-
tionalized NPs can connect to receptors on the membrane
surface and usually enter into the cells through the receptor-
mediated endocytosis [37, 53]. Cellular uptake also depends
on the incubation time of the cells with NPs as well as the kind
of cell [22, 47, 51]. Probably, the longer the GNPs are incu-
bated, the more NPs will enter the cell [46]. These properties
also affect the intracellular location of NPs [18]. Use of high-
intensity laser can increase the cells’ membrane permeability
so that more GNPs could enter into the cells [17].

Cellular uptake of GNPs is prerequisite for GNP-mediated
PTT using NIR light, and also targeting the specific intracel-
lular organelles can improve the PTT efficacy [41]. If GNPs
accumulate in the subcellular components, the mechanical
damage and consequently the efficacy of PTT will increase
[47]. Targeting the lysosomes and mitochondria as two intra-
cellular organelles plays a key role in the induction of cell
apoptosis [46]. As mentioned, functionalized GNPs can con-
nect to the cells’ surface receptors, and the receptor-mediated
endocytosis process occurs [39]. The formed endosome can
eventually be merged with lysosomes [53]. Lysosome has
acidic pH and various hydrolytic enzymes, which is a stable
environment for GNPs [48]. In common practice, stability in
the lysosome membrane of normal cells prevents lysosomal
damage in the presence or absence of GNPs [46]. While the
lysosomal membrane of cancer cells is relatively vulnerable,
and as a result of its degradation by GNPs, hydrolytic mate-
rials release andmay be transmitted to other organelles such as
mitochondria [46]. By accumulation of GNPs in lysosomes,
the production of hydrolytic enzyme increases which leads to
increase in lysosomal activity and eventually results in rupture
of the lysosomal membrane [52, 53].

Mitochondria, as the main site of energy production [19,
47], is an appropriate target for cancer treatment [54]. Cancer
cells have shown an extensive metabolic activity, resulting in
mitochondrial damage compared to normal cells [27]. NIR
excites GNP electrons, and consequently, the phonon-
phonon mechanism interacts with the mitochondria electron
transfer chain [27]. Therefore, the mitochondria encounter ox-
ygen deficiency [27]. This reduction in oxygen level and the
other GNPs’ effects on mitochondria, including the release of
enzyme cytochrome c and active oxygen species, activate ap-
optosis in the cell [46, 47]. In other words, GNPs can cause

heat deterioration during PTT via local accumulation in mito-
chondria [47]. The remaining problems inmitochondrial treat-
ment are cavities smaller than 2 nm in the mitochondrial in-
ternal membrane which prevent the GNPs’ cellular uptake to
the mitochondrial matrix [47, 54]. A study [46] has investi-
gated the mechanism of apoptosis in cancer cells in the pres-
ence of GNPs and has demonstrated that unlike lysosomes,
only a small number of GNPs were participated in mitochon-
drial damage. This non-selective accumulation showed that
GNPs could not directly participate in damage to the mito-
chondria; thus, the damage may be due to lysosomal protease
[46]. It has been reported that GNPs with some specific li-
gands [54] move toward lysosomes and other ligands make
GNPs move toward the mitochondria; in other words, surface
ligands of GNPs play an important role in the movement of
NPs within cells.

Since the cell nucleus is important organelle respect to
others within the cells for survival and proliferation, so that
considering the GNPs’ effect on the nucleus is essential [55],
and can be selected as a suitable target for GNPs-mediated
PTT. As mentioned before, the GNPs firstly are localized in
other organelles including endosomes and lysosomes after
internalized into the cells. So, they have to escape from these
organelles into the cytoplasm to enter the nucleus [56]. Also,
the size of the transport channels of the nuclear pore complex
(NPC) has to be considered if GNPs are destined to the nucle-
us [47]. The number of NPCs varies depending on the activity
level of a cell [56] and also the nuclear transport machinery is
often altered in different cancer cells, there is no standard
protocol for the NPs’ internalization into the nucleus in differ-
ent tumoral cells [47]. However, the internalization mecha-
nism is not yet well known, the GNPs can alter the nuclear
morphology, reorganize nuclear laminae, and finally inhibit
nuclear functions; In particular, they can reduce the subnucle-
ar compartments that produce ribosomes [55]. It has been
reported that PTT can further increase some of these results
so that cancer cell death will be increased [55].

Synergistic effect of photo-thermal therapy
and radiation therapy

Although PTT has been widely used as a single treatment [4],
it is hard to eradicate the tumor with minimal side effects only
by PTT even with optimized NPs [15]. In order to cancer
treatment, PTTcan stop cell proliferation through cell destruc-
tion, or overly sensitize them for other therapies [7]. Drug
delivery, drug release, and radiation therapy (RT) are exam-
ples of these treatments [4].

New therapeutic approaches in which PTT is used along
with other treatments, the treatment output has been improved
and the recurrence rate of the tumor has been reduced [4]. PTT
has been used as an adjunct to RT in cancer treatment [13].
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Ionizing radiation produces free radicals that can damage
macromolecules such as DNA, proteins, etc. in irradiated cells
[12, 23] which results in cancer cell death [37]. The main goal
of RT is to deliver a lethal dose to the cancer cells while
minimizing exposure to adjacent normal cells [12, 36, 57].
Various factors can affect RT efficacy [5]. Using radiation
sensitizers in cancer cells during RTcan increase the effective-
ness of RT without increasing the absorbed dose of normal
cells [23].

PTT can be used with RT to increase the effectiveness
of cancer treatment; in this regard, studies have tried to
develop proper NPs as an optical absorption agents to
have the necessary efficacy in PTT and also as radiation
sensitizers agents to improve the RT efficacy [4, 12, 13].
According to former studies, GNPs and especially func-
tionalized GNPs are the best candidates for this purpose;
they are suitable radiosensitizers in RT [9, 36, 41, 58, 59]
and also increase the light absorption in cancer cells in
PTT [4, 23]. As mentioned previously, heat is generated
due to absorption of NIR radiation by GNPs [17] and is
transferred to the environment [27]. Moreover, when
GNPs are irradiated in RT, they can increase the micro-
scopic absorbed dose [58]; as a result, the delivered dose
to tumoral tissue is increased using GNPs. In vitro studies
have reported the synergistic effect of RT and PTT using
GNPs for cancer treatment [4, 5, 12]. Table 2 shows that
the combination of PTT and RT in the presence of GNPs
significantly reduces the cell survival rate in comparison
with PTT or RT alone.

RT has low efficiency in destroying hypoxic cells so that
hypoxia is a major limitation in RT [12]. Hypoxia by elimi-
nating the effect of oxygen [57] induces resistance to ionizing
radiation in the hypoxic cells [36]. Cancer cells are more sen-
sitive to high temperature in hypoxia condition [58]; also, use
of PTT in a combination therapy improves the oxygen level of
tumor [5]. As a result, hypoxic cells of the tumor are sensitized

to ionizing radiation [12]. Cell cycle has been used to demon-
strate the synergistic effect of RT and PTT [13]. RT consider-
ably kills the tumoral cells in G2/M phase, which is a sensitive
phase of the cell cycle to ionizing radiation [5] and has the
least effect in S phase in which the cells have lower radiosen-
sitivity [23]. On the other hand, PTTmainly affects cells in the
S phase and results in a concentration of cells in the G2/M
phase by inducing the G2/M phase cell cycle arrest [13]; con-
sequently, PTT can put cells in a radiosensitive phase of the
cell cycle. Therefore, a combination of these treatment modal-
ities can increase the efficiency of cancer treatment. The third
mechanism in inducing synergistic effects can be related to
proteins [5]. PTT increases the effects of RT by attenuating
the repair mechanism of DNA double-strand break induced by
RT [4]. PTT with induction of protein denaturation in en-
zymes, which are responsible for DNA repair, causes DNA
irreversible damage in cancer cells [13, 16].

Moreover, to increase in treatment efficacy, the combi-
nation of RT and PTT has another advantage that is the
possibility of reducing the prescribed radiation dose to the
tumor so that received dose by normal tissues adjacent to
the tumor can be decreased. For example, it has been
reported [12] that to achieve specific cell survival reduc-
tion, about 20% radiation dose can be reduced due to the
synergistic effect of RT and PTT in the presence of GNPs
relative to RT alone. So that, the increased radiosensitivity
level of 1.38 in the presence of GNPs in the single treat-
ment (RT) reached to 1.63 in combination therapy (RT
plus PTT).

Summary and future perspectives

GNP-mediated PTT is a hopeful treatment modality, in which
heat is generated through the interaction of NIR light with
GNPs, to kill cancer cells or suppress their growth [18].

Table 2 Example of in vitro studies on synergistic effects of combining photo-thermal therapy and radiotherapy (RT + PTT)

Cancer cell Shape Photo-thermal therapy Radiotherapy Combining form (RT + PTT) Ref.

KB cells PEG-GN spikes 1—NIR radiation alone,
decreased the cell survival
fraction to 97%

2—In the presence of
PEG-GNSs, PTT reduced the
cell survival fraction to 89%

1—X-ray radiation alone
decreased the cell survival
fraction to 72%

2—GNS-mediated X-ray radia-
tion reduced the cell survival
fraction to 54%

1—X-ray plus PTT decreased the
cell survival fraction to 65%

2—Due to the synergistic effect
of PTT and RT in the presence
of PEG-GNSs, cell survival
fraction decreased to 40%

[12]

4T1 CD44-PEG-GNCs 1—NIR radiation alone, induced
apoptosis of 4.41%

2—Combination of
CD44-PEG-GNCs and NIR
radiation induced apoptosis of
6.48%

1—Treatment by X-ray irradia-
tion alone, induced apoptosis
of 6.46%

2—Combination of
CD44-PEG-GNCs and X-ray
irradiation induced apoptosis
of 10.85%

1—Co-treatment of
CD44-PEG-GNCs, PTT, and
RT induced apoptosis rate of
20.85%

[4]

PEG-GN spikes PEGylated gold nanospikes, CD44-PEG-GNCs CD44 antibody PEGylated gold nanocages
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Some effective factors such as size, concentration, and surface
modification of NPs, pulse duration, and laser power as well
as the time of irradiation can be optimized to increase the
efficacy of the treatment. However, further studies are needed
to improve our understanding of the dominant mechanisms of
this treatment.

The uniform and efficient NPs’ delivery to cancer cells
are often problematic due to non-specific targeting in PTT
in the presence of GNPs [34]. The biological differences
between cancer and normal cells have led to specific
targeting [51] so that dramatically, cell death occurs in can-
cer cells compared to normal cells in PTT using function-
alized GNPs [34]. In other words, by targeting GNPs
against cancer cells, it is possible to accumulate selectively
them within or on the surface of these cells [17]. In this
way, the cells will be susceptible to the PTT and the treat-
ment efficacy increases and also side effects of the PTT
decreases [7]. The challenges of using GNPs in PTT of
cancer cells include their cellular uptake, and the escape
from specific subcellular sites such as lysosome, endo-
some, and mitochondria [47]. Also, targeting of intracellu-
lar organelles is difficult due to the cumulative behavior of
GNPs [54] and their accumulation in a non-biological col-
loid destroys the photo-thermal-heating effect of the GNPs
[11]. The properly functionalizing of GNPs could facilitate
the escape from lysosomes and endosomes, or promote cel-
lular uptake in a path other than endocytosis [47]. However,
it remains unclear to identify the induced effects associated
with an intracellular interaction between GNPs and subcel-
lular components [46]. Also, the need for powerful lasers
and the change in absorption curve of NPs are other prob-
lems that require further investigations in PTT. The use of
PTT in accompany with RT on hypoxic cells reduces the
possibility of tumor recurrence. The effect of PTT on hyp-
oxic cells is increasing the radiosensitivity of these cells to
RT which can lead to a decrease in required lethal dose to
the tumor, and consequently, RT sessions reduce in the
fractionated radiation regimen. On the other hand, reducing
the dose to the patient will reduce the side effects of ioniz-
ing radiation in these patients. Despite the studies of the
synergistic effect of PTT and RT, the lack of adequate clin-
ical studies is one of the factors that restricts the develop-
ment of this strategy for the clinical application.
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