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As a new treatment technique, photothermal therapy (PTT) has aroused worldwide attention in cancer
treatment, mainly due to its excellent absorption ability, easy regulation, and biodegradability.
Photothermal conversion materials with enhanced permeability and retention effect can be targeted
easily to tumor tissue. They can accumulate efficiently to tumor tissues and allow normal tissues and
organs not to be affected by temperature, thus significantly helping to reduce the systemic toxicity and
improve the antitumor effect. However, PTT alone often suffers from therapeutic resistance and reduced
therapeutic efficacy, due to photothermal nanomaterial-mediated fundamental cellular defense
mechanism of heat shock response, which could be inhibited by small interfering RNA (siRNA).
Nevertheless, photothermal conversionmaterials as an excellent siRNAdelivery carriermay considerably
enhance the delivery efficiency of siRNA. Therefore, photothermal and RNA interfering (RNAi) synergistic
therapy has recently aroused extensive attention in tumor treatment. In this review, we mainly
summarize the recent advances of photothermal and RNAi synergistic therapy, including some
synergistic therapeutic nanoplatforms of inorganic and organic photothermal materials and other
combined therapies such as combining with small molecular antitumor agents or PDT/imaging. The
combination of various treatment techniques may considerably improve the synergistic therapeutic
effect of PTT and RNAi in the treatment of cancers.
© 2020 Chinese Chemical Society and Institute ofMateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
1. Introduction

Along with the social development, cancer therapy is one of the
biggest challenges worldwide [1]. Traditional cancer treatments
such as surgical operating excision, chemotherapy and radiother-
apy have some unavoidable disadvantages. For example, cancer
metastasis may occur when tumor tissue has not been excised
completely [2]. Multidrug resistance of tumors may emerge due to
long term chemotherapy, which makes it more difficult to cure
cancer. Furthermore, healthy tissues or organs may be damaged
due to repeated treatments, which may lead to serious side effects
such as vomiting and fatigue [3]. Therefore, it is important to
design multifunctional integrated therapeutic delivery nanoplat-
forms combined with different therapeutic form such as gene
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therapy [4], photodynamic therapy (PDT) and photothermal
therapy (PTT) [5].

PTT has recently been known as a promising cancer treatment
modality [6,7], which involves injection of materials with high
photothermal conversion efficiency into the patient, gathering
around the tumor tissues by targeted or untargeted recognition. In
the process of local heating, tumor cells undergo denaturation and
cell membrane destruction, and cells suffer irreversible damage.
Moreover, the temperature is closely related to the damage of DNA.
When the amount of DNA damaged exceeds a certain percentage,
cells are easy to undergo necrosis and apoptosis [8]. Thermal
ablation typically causes the tumor cell necrosis, which may
produce tumor related antigens. Consequently, the [26_TD$DIFF]body’s immune
system can be stimulated and activated by antigens to kill tumor
cells forcefully, thus controlling the development of primary and
metastatic cancers. In addition, PTT can increase the blood
perfusion of the tumor, hence affecting tumor microenvironment
and reducing the hypoxic area [7].

However, PTT is often limited to the thermo-resistance of tumor
cells mediated by the overexpression of HSPs [9]. Recent research
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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showed that PTT could cause heat shock response, due to the
sensitivity of tumor tissues to heat stimulation [10,11]. The
fundamental cellular defense mechanism of heat shock response
may trigger the resistance of cancer cells and reduce the
therapeutic efficacy [12], but HSP small interfering RNA (siRNA)
could inhibit the expression of HSP, thus overcoming the
disadvantages of PTT to some extent.

Since its discovery in 1998 [13], RNA interference (RNAi) using
siRNA to treat a variety of diseases by blocking the production of
target proteins has proven to be one of the most promising
techniques [14]. Recent studies have shown that introduction of
the single-stranded double stranded RNA (dsRNA) into the cell can
cause photothermal and RNAi, leading to its corresponding gene
silencing. These post-transcriptional gene silencing are called
RNAi, which are small pieces of RNA synthesized artificially in vitro
during RNAi. Recently, nanoparticles (NPs) are commonly used as
non-viral gene carriers for siRNA in cancer treatment (Fig. 1).
However, it still faces many challenges, especially the lack of
effective siRNA delivery carriers [15,16].

When co-treat with photothermal and RNAi, RNAi can play a
role in gene silencing therapy, and PTT can play a role in
phototherapy. At the same time, photothermal conversionmaterial
as a good delivery carrier contributes a lot to the delivery of siRNA,
such as human telomerase reverse transcriptase (hTERT) siRNA.
Therefore, it is important to combine PTT with gene therapy
materials to achieve photothermal and RNAi synergistic therapy.
The key component of photothermal and RNAi synergistic therapy
is photothermal conversion material. Among a wide variety of
stimuli-responsive platforms, near-infrared (NIR) light responsive
nanocarriers have gained wide concerns as they can penetrate into
deeper tissues, accurately control drug release, and exert low
damage to normal tissues [17]. With the rapid development of
nanotechnology, some nanomaterialswith NIR response have been
reported and applied in photothermal and RNAi synergistic
therapy.

Therefore, in this review, we discuss a variety of photothermal
conversion nanomaterials, such as gold NPs, carbon nanotubes and
indocyanine green (ICG) [18], which have been used as PTT
materials or siRNA delivery systems in photothermal and RNAi
synergistic therapy [19], and become one of the research hotspots
of nanomedicine. Preceding this discussion, we provide a brief
summary of PTT and RNAi as background for the subsequent
sections

2. Applications of photothermal conversion materials in
photothermal and RNAi synergistic therapy

2.1. Precious metal nanomaterials

Precious metal NPs used in PTT include but not limited to gold,
silver [20], platinum [21,22], palladium [23]. All these precious
metal nanomaterials have a strong local surface plasmon reso-
nance effect, which endows them with superior absorption
[(Fig._1)TD$FIG]

Fig. 1. Schemes of representative siRNA delivery platforms that have been used in
clinical studies. (A) Liposome, (B) DPCTM and (C) GalNAc siRNA conjugates.
Reproduced with permission [15]. Copyright 2019, The Journal of Gene Medicine.
capacity for NIR light, and the ability to convert energy from light
into heat with effective photothermal conversion [24]. Due to the
excellent photothermal conversion performance and good biolog-
ical inertia property, precious metal materials have become the
most thoroughly studied and widely used photothermal nano-
conversion materials in the area of PTT [25,26]. However, their
disadvantages are high cost, poor photothermal stability and
certain toxicity. Therefore, some additional nanomaterials have
been developed to overcome these issues [27].

Gold nanorods (GNRs) could inhibit the cancer cell collective
migration by altering the actin filaments with the introduction of
NIR light [28], and cell junctions with remarkable triggered
phosphorylation changes of essential proteins. GNRs Taken
together, PTT have promoted the development of light-mediated
PTT for cancer treatment over the past few decades [27]. Most
solid tumors with triple negative breast cancer (TNBC) as an
example, can not distinguish themselves from normal cells due to
the lost of recognizable surface markers. Therefore, it is a
challenging task to selectively identify and block those damages
by PTT [29]. A type of siRNA can silence the expression of HSP by
HSPs or BAG3 genes as an effective carrier of RNA interference
(RNAi), so HSP siRNA can inhibit heat shock response and
facilitate cancer cells to be more sensitive to PTT. BAG3 gene is
efficient to inhibit the expression of heat-shock response. Qin [27_TD$DIFF]

et al. designed a therapeutic system, which consisted of GNRs and
hTERT siRNA assembled on the surface of ZnCa2O4:Cr nanofibers.
This system can enhance the uptake of GNRs, and had the ability of
carrying and subsequent release of siRNA in cytoplasm [28]. The
GNRs with surface modification had the ability to deliver targeting
BAG3 siRNA oligos [12]. When the synthesized nanocomplex
delivered siRNA into cancer cells, they exhibited unexceptionable
ability in the delivery of siRNA into cancer cells and high silencing
efficiency, which was superior over than the commercial Lip-
ofectamine 2000 [30]. The combination of GNRs with siRNA has
substantial potential in clinical cancer therapy. Gene silencing can
deal with the therapeutic resistance of PTT and enhance their
photothermal therapeutic efficacy. Both activities simultaneously
amplify the gene silencing effect of siRNA, suggesting that the
combination of GNRs with siRNA represents an efficient thera-
peutic platform.

Besides GNRs, there are many other structures of gold NPs that
have been widely studied [31]. For instance, polyethylene glycol
(PEG) 5000 coated nanoshells with diameter about 150 nm have
been approved by the US Food and Drug Administration (FDA). At
present, gold nanoshells can be used for the treatment of neck,
head, and metastatic lung cancer in clinical trials [32]. Gold
nanoprisms (GNPs) and gold nanostar have also been broadly
studied for the potential applications in both imaging and tumor
treatment on account of their special characteristics [33]. PTTcould
selectively sensitize the TNBC, thus enhancing the accuracy of cure
by gold nanostar/siHSP72/hyaluronic acid (HA) targeting CD44
(surface molecule of TNBC-overexpressed) and reducing HSP72
subsequently [29]. siRNA could be delivered by the gold to tumor
cells that overexpress integrin. The survival rate of tumor cells
under NIR laser irradiationwas significantly lower than that of PTT
or gene therapy alone [34].

In another study, a safe and biodegradable flower-like gold NPs
platform for synergistic gene silencing and photothermal therapy
was prepared by layer-by-layer strategy based on anhydride NPs
synthesized from soft template cetyltrimethylammonium chloride
[10]. Yan [27_TD$DIFF]et al. constructed the gold nanocages / polyethylenimine
(PEI) / microRNA (miRNA) / HA complex also by layer-by-layer
strategy. It can effectively delivery miRNA to target cells and
significantly enhance its antitumor effect through a combination of
gene therapy and PTT, and may be developed for the treatment of
liver cancer [35].
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2.2. Carbon nanomaterials and their analogues

Carbon-based NPs are characterized by large specific surface
area, strong NIR absorption, wide peak of absorption and excellent
thermal stability [36]. Photothermal conversion agents collabora-
tive siRNA delivery fevers first research using the mesoporous
carbon NPswith great loading efficiency and effective protection of
siRNA through pore space [37]. Carbon nanotubes (CNTs) and
graphene are two of the most widely studied carbon-based
nanomaterials [38], CNTs are so-called graphene, which is a
cylinder with a diameter of several hundred nanometers and a
length of severalmicrons. It was thought to be part of the graphene
crystal structure until 2004 [39], when the graphene layer was
mechanically stripped off and separated from the sheet of
graphene crystal, showing amazing electrical properties [40,41].
Including large ratio of surface area to volume and excellent
electrical and optical properties, it has better photoacoustic (PA)
and photothermal effects [42]. A CD44 targeted photoacoustic
nanophototherapy drug, ICG single-wall CNTs on the HA NPs,
whichwas shrouded in coupled to theranostic nanometer complex
forming. The tumor temperature raised to above 55 �C due to the
photothermal effect of ICG and single-walled CNTs, which
remarkably inhibited the growth of tumor and induced tumor
cell death without apparent systemic and local toxic effects found
in the mice [43]. It has also been documented that graphene oxide
(GO) nanosheets have similar therapeutic effects [44–46].

Qian [27_TD$DIFF]et al. synthesized high crystalline carbon nanodots with
one high crystalline carbon nanocore and one hydrophilic surface.
The NPs contained powerful light sound, electricity spectral
analysis performance, style fluorescent radiation excellent water
distribution, and effective NIR radiation, which could kill tumor
cells without apparent damage to normal tissues [47]. The central
neurological tumors such as glioma are currently a challenge to
nanomaterial design. Specifically, these tumors build up in brain,
which urgently promotes the fall of doublemode image guidewith
antitumor properties while without obvious damage to normal
tissues [47].

The great success of graphene in biological applications has
accelerated the emergence of its analogues such as transition
metal disulphide [48,49] and black phosphorus (BP) [50,51]. There
is a higher expectation for these novel hybrid nanomaterials to co-
treat tumors. Kong’s synthesized dendrimer-modified MoS2 nano-
flakes for combinational gene silencing and PTT. In their study, the
xenografted 4T1 tumormodel was treatedwith the combination of
superpower therapy in vivo. The results proved that MoS2
nanoflakes represented a potential nanoplatform for combination
therapy [52].

BPs is a kind of new nonmetal layer two-dimensional
semiconductormaterials, which has wide absorption spectroscopy
from ultraviolet to NIR and good thermal performance [53].
Researchers have synthesized BPs with different thickness and size
for biological imaging and treatment. It was important that the BP
nanosheets could be gradually decomposed into non-toxic
phosphate ions in vivo, such as phosphoric and phosphate [54].

So far, studies have suggested that negatively-charged siRNA is
unable to adsorb the anionic BP nanosheets, so researchers used
positively charged PEI to functionalize the BP nanosheets by simply
mixing as-exfoliated at room temperature, stirring BP nanosheets
with PEI in an ultrasonic bath [55]. With a simple step the
enclosure directly coated the BPs nanosheet with tannins acid
(TA)-Mn2+ chelate networks. The combined TA-Mn2+ a volumetric
BPs nanosheets have the capacity to enhance T1 MRI contrast
enhancement capability, outstanding optical imaging perfor-
mance, and high photothermal conversion efficiency, thus holding
great promise for imaging guides imaging PTT [56].
It has been reported that hTERT was closely related to tumor
transformation, growth, and metastasis. Therefore, the design of
siRNA to knockdown hTERT for tumor treatment represents a
promising technique. In Chen’swork [55], a biodegradable delivery
system-small and thin BPs nanosheets was harnessed to deliver
hTERT siRNA. Poly(ethylene glycol) (PEG) and PEI qualified BPs
nanosheets were equipped with high siRNA loading capacity and
strong cellular uptake. Thus, PPBP-siRNA is successful by the
synergistic combination of PTT, targeted gene therapy and PDT.

Wang [28_TD$DIFF]et al. designed another siRNA delivery system based on
PEI functionalized BPs nanosheets, and the system significantly
inhibited tumor cells growth [57]. Phosphorus is a necessary trace
element, accounting for [29_TD$DIFF]1% of the body mass [58]. Results showed
that BPs NPs and quantum dots were both easy to respond to
oxygen andwater, and the final degradationproducts are non-toxic
phosphates [59,60] that were not only the metabolite of human
body, but also the substrate of other biological reactions in the
body. Owing to the photothermal properties of BP nanosheet, this
system had a good therapeutic effect on tumors, and would be a
promising tool for clinical applications in the future. Adjusted to
the photothermal properties of the BP nanosheets, the presented
delivery system has a remarkable therapeutic effect on tumors.

2.3. Polymers

Inorganic nanomaterials are usually difficult to biodegrade and
easy to store for a long time in the body, whichmaycreate potential
long-term toxicity. Compared with inorganic molecules, polymers
have advantages of good biocompatibility, degradability [61], and
low synthesis cost. Therefore, polymer is a kind of PTT material
with promising application prospect [62].

2.3.1. Ordinary polymers
Under NIR irradiation, the heat generated by polyaniline NPs

can hinder the production of cellular components required for DNA
and RNA synthesis, and thereby inhibited cell growth, prolifera-
tion, apoptosis and eventually death. Zhou [30_TD$DIFF]et al. reported the
synthesis of an agent for photoacoustic imaging-guided PTT of
tumors, polyaniline-modified g-polyglutamic acid nanogels. This
nanoplatform may be loaded with other elements, which has
multifunctions such as imaging, therapy and target, thus repre-
senting an excellent platform for multimode imaging and co-
therapy of novel biosystems [63].

Dopamine is a neurotransmitter related to the regulation of
mood in the body and hence has good biocompatibility [64].
Therefore, polydopamine can overcome the problem of poor
biocompatibility of traditional PTT materials when being used for
tumor PTT [11,65]. Wang [31_TD$DIFF]et al. constructed mesoporous dopamine
NPs with size less than 100 nm and high photothermal conversion
efficiency. By biomineralization successfully built on cationic NPs
of CaP coating, in order to prevent the premature release. In
addition, the tertiary amine and pyrocatechol on the surface of the
carrier can provide simple and efficient solutions, based on
obstacles of combination of photothermal conversion agents and
gene therapy [66].

Zhang [32_TD$DIFF]et al. prepared pH-responsive gene vector polydop-
amine-PEI-rPEG by modifying polydopamine NPs with low
molecular weight PEI1.8k and PEG-phenylboric acid (PBA). PBA
and polydopamine formed a pH-responsive borate bond. Due to
PEG modification, the complex remained stable in the circulating
pH environment or in extracellular delivery (pH 7.4). Boronate
ester bonds can be cleaved after being internalized into
endosomes. As shown in Fig. 2, the pH response of polydop-
amine-PEI-rPEG may promote complex dissociation and intracel-
lular gene release. The good photothermal conversion ability of
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Fig. 2. (A) Schematic representation of complexes preparation. (B) Possible
mechanism of the PEG dissociation under acidic pH value. Reproduced with
permission [67]. Copyright 2019, ACS Applied Materials & Interfaces.
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polydopaminemakes the endosome escape quickly and overcomes
many obstacles of gene transfer [67].

Bioprobes prepared from polydopamine perfluorocarbon nano-
droplets and biocompatible infrared-780 (IR-780) possess high
photothermal conversion efficiency. These bioprobes have better
imaging capabilities and can also be used as a PA contraption or
photopyretic [68]. Polypyrrole NPs have strong optical absorption
with NIR irradiation, which is widely used in biosensors, drug
delivery and nerve regeneration [69]. There are still some polymers
[70], which are not described in detail in this review.

2.3.2. Semiconductor polymers
Semiconducting polymers are theranostic systems for NIR-II

fluorescence imaging and PTT under safe laser fluence [71]. In fact,
semiconductor polymers have been reported for PTT. For example,
Lyu reported a biodegradable SPN with two optical active
ingredients in its major semiconductor and optical polymer
dopant fullerenes. Due to the densely populated in the NPs, vinyl
key increased the mass absorption coefficient, thus improving the
photoacoustic effect and the thermal efficiency. Therefore, these
SPN NPs had oxidation properties, and thus can be easily degraded
in peroxidase [72].

2.3.3. Supramolecular polymers
Supramolecular polymers have important and various appli-

cations in catalysis and photothermal materials science by self-
assembled from metal complexes [73]. As a new entry of dynamic
and non-covalent polymers, supramolecular polymers specific
structural and physical chemistry of the changes show the specific
structure. At the same time, it can change the structure reversible,
shape and function under various external excitement. In the
future there are many academic researches applying to industrial
widespread [74]. There are several unique advantages of functional
supramolecular polymers, including the degradation capability of
polymer backbones, smart responsiveness of biological stimuli,
and easy biofunctionalization with bioactivity and targeting
moieties, thereby showing remarkable reserve force for a wide
range of biomedical applications.

The properties of supramolecular polymers containing metal
can be altered by introducing metal ions with different functions
and distributors. In turn, Pd(II), Cu(I), Cu(II), Co(II), Pt(II) and Au(I)
complexes can also be functionalized with intriguing physical and
chemical properties by introduction of functional polymeric
nanostructures [75,76].

As separate organic conjugated polymer contrast is low and the
background of tumor intake is poor, the application of inorganic
nanomaterials for cancer diagnosis and treatment is limited. In this
context, the fabrication of organic-inorganic hybrid nanomaterials
can make use of their advantages [69]. In the one side, inorganic
materials have excellent optical properties, which can improve the
thermal stability and photothermal conversion efficiency of the
hybrid materials [77]. Furthermore, pharmaceutical organic
polymers are capable of reducing the cure concentration of
inorganic materials and the corresponding residual amount
retained in the body [78].

2.4. NIR fluorescent dyes

Organic small molecular fluorescent dyes with NIR absorption,
such as ICG and BODIPY [79], have been widely used for
photoacoustic imaging and fluorescence imaging. ICG is an NIR
fluorescence dye for a wide range of biological applications, and it
is characterized by remarkable molar extinction coefficient and
fluorescence quantum yield, low melting point and tunable range
maximum absorption wavelength. Zheng [33_TD$DIFF]et al. proved a potential
application foreground for tumor diagnosis and target image
formation due to high water stability, excellent NIR optical
properties and remarkable internal targeting property of ICG.
However, restrictions on the stability of extractive water,
concentration-dependent aggregation, rapid infusion of the body,
and lack of target specificity [80].

ICG has been approved by the US FDA for clinical NIR
fluorescence imaging reagents. ICG is also a kind of good
photosensitizer which can quickly absorb light and transfer heat
to deep tissues after irradiation by specific wavelength light.
Therefore, ICG has good application prospect in the field of tumor
imaging diagnosis and treatment [81]. However, the application of
ICG in diagnosis and treatment of diseases is limited by its
instability and poor optical stability. It has been found that ICG
loading into nanomaterials can improve drug stability, bioavail-
ability and enhance targeted drug delivery [82]. Manganese
dioxide (MnO2) NPs have the characteristics of good biocompati-
bility and strong adsorption, and can be degraded by glutathione
overexpressed in cancer cells [83,84]. ICG/MnO2 nanometer
complex was prepared by loading ICG onto manganese dioxide
nanometer sheet. The photothermal conversion efficiency of ICG/
MnO2 solution gradually increases with the increase in solution
concentration and illumination time in a certain range [85]. siRNA
encapsulated with photosensitizer ICG to promote endosomal
escape and conjugated with the siRGD peptide on the surface to
penetrate tumor deeper [86]. ICG can be loaded into the internal
cavity of polypeptide, which is rich in guanidine and has spherical
helical polypeptide with remarkable multivalency-assisted mem-
brane penetrating capability. siRNA against pyruvate kinase M2
(PKM2) form a positive nanocomplex. The silence of PKM2 can
inhibit tumor glycolysis metabolism and further reduce the energy
supply for HSPs production, hence hitting off the heat endurance of
tumor cells, which consequently enhanced ICG-mediated photo-
thermal ablation. Furthermore, energy consumption by PKM2
siRNA will lead to hunger of tumor cells and bring them to a halt
[9,87].

ICG-Der-02 (MPA), a derivative of ICG, possesses the capacity of
both fluorescence emission and photothermal conversion under
NIR laser irradiation [88,89]. MPA could swiftly convert the
absorbed NIR light energy into heat energy, thus quickly raising
local temperature and killing tumorwith NIR laser irradiating [90].
Multiple drug resistance can simultaneously hinder drug delivery
and monitoring the delivery of chemotherapeutic agents. There-
fore, Rui developed a new type of microcapsule system, which was
loaded with siRNA and DOX by electrostatic absorption. MPA as a
photothermal agent make drug delivery system successfully
combined of the chemotherapy and photothermal therapy and
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Fig. 3. Common photothermal conversion materials combined with gene therapy.
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control the silence of siRNA sequence, thus having a board
potential for tumor combined therapy [91].

2.5. Others

Porous metal-organic frameworks (MOFs) nanostructures
composed of metal ion/ion clusters and organic bridging ligands,
and have the potential for biomedical applications. A novel
zirconium-ferriporphyrin (Zr-FeP) MOF nanoshuttle is capable of
generating abundant reactive oxygen species, thus having great
photothermal effect with PTT conversion efficiency [92].

Hemoglobin is a natural photothermal molecule with remark-
able biocompatibility and low immunogenicity [93], which can be
used in PTT. In the meanwhile, functional selenium NPs could lead
endogenous NO to endothelial cells, inhibiting the inflammatory
response [94]. And then, they constructed PTT-triggered NO
nanogenerators after loading Notch1-siRNA, the NPs could achieve
a synergistic therapywith PTT, siRNA and NO, by lowering the level
of inflammatory factors and macrophages and suppressing the
inflammatory response. There are many photothermal conversion
materials could be combined with siRNA (Table 1). Some common
materials are displayed in Fig. 3.

3. Combined applications

In the recent studies, we note that photothermal and RNAi
synergistic therapy is often combined with other therapeutic
techniques to assist in achieving better therapeutic effects [95]. In
the following section, we will give a summary of some commonly
used combinations.

Co-treatment by using NIR-induced photothermal and RNAi
synergistic therapy with conventional drug molecules or biologics
can create multimodal drug delivery systems [38,96]. Additionally,
the co-treat has been used to achieve synergistic antitumor effects
recently [27]. And it is usually used in combinationwith vesicles to
facilitate the fusion of cell membranes, which allowing antitumor
drugs to enter tumor cells easily [97].

Phototherapy is a cure method to ablate tumor and inhibit
growth through PDT and PTT triggered by light [43]. Cao decorated
Cu2-xS on the MnO2 nanosheet surface, and loaded with HSP70
siRNA into the new nanosystem [98]. As a strong PA and
photothermal imaging agent, the nanosystem had an advantage
in the effectiveness of PTT/PDT due to siRNA-mediated blocking of
heat-shock response and degrading of MnO2-related relieved
tumors under a single NIR laser irradiation [99]. This nanomaterial
can overcome the unavoidable defects, emphasizing their great
promise in breaking the defense mechanism of tumor microenvi-
ronment. Due to the co-treatment effect of PDT and
Table 1
Common photothermal conversion materials combined with RNAi.

Types of nanomaterials Photothermal conversion
materials

siRNA

Precious metal NPs GNRs hTERT-siRN
GNPs PD-L1-siRN
Gold starts HSP72-siRN
Flower-like gold NPs BAG3-siRNA

Carbon nanomaterials and their
analogues

CNTs –

Graphene and its oxides HDAC1 and
siRNAs

BPs hTERT-siRN
Polymers PEI-PLA HSP70-siRN
NIR fluorescent dyes ICG Plk1-siRNA

MPA non-specific
Others MOFs HSP70-siRN

Hemoglobin Notch1-siRN
low-temperature PTT, with NIR laser irradiation,MOF nanoshuttles
loaded with HSP70 siRNA could efficiently inhibit tumor growth
both in vivo and in vitro [92].

Photoacoustic tomography (PAT) is an imaging technique that
converts photo to acoustic signals based on adsorption photo-
thermal energy, and have been demonstrated to have substantial
potential for the biomedical application [100,101]. It have been
found that a variety of photothermal conversionmaterials could be
used as efficient contrast agents for PAT, such as GNPs [34], black
phosphorus and CuS NPs [56,102], which could be used to delivery
siRNA. After intravenous injection, co-treatment of tumor by using
the hybrid materials under the PA/CT imaging can accurately
position and thoroughly eliminate tumor in vivo [103].

4. Conclusion

Although photothermal and RNAi synergistic therapy is going
well, photothermal conversion material is always the key
component of it. Photothermal conversion materials with en-
hanced permeability and retention effect can be targeted easier to
tumor tissue. It could accumulate more to tumor tissue, and less in
normal tissues and organs, thus significantly reducing the systemic
toxicity improving antitumor efficiency.

Nevertheless, there are still some major challenges for photo-
thermal and RNAi synergistic therapy. Thus it is often combined
with antitumor drugs, such as DOX and epirubicin, for therapeutic
applications. It can also be combined with vesicle compounds to
facilitate the fusion of cell membranes. Besides, there are some
other forms of combinations, such as PDT/imaging. The combina-
tion of various treatment techniques improved the therapeutic
effect against tumor. But when using photothermal conversion
Response wavelength
(nm)

Advantage Ref.

A [11_TD$DIFF]400–808 Strong absorption capacity and
photothermal conversion

[28]
A [12_TD$DIFF]450–600 [33]
A [13_TD$DIFF]450–808 [29]
. [14_TD$DIFF]500–808 [10]

[15_TD$DIFF]800–1100 Specific surface area, strong NIR
absorption, wide peak of
absorption and excellent thermal
stability

[38]
K-Ras- [16_TD$DIFF]200–400 [44]

A [17_TD$DIFF]450–700 [55]
A [18_TD$DIFF]360–365 Good biocompatibility and low cost [62]

[19_TD$DIFF]600–808 Large tunable range of maximum
absorption wavelength

[86]
siRNA [20_TD$DIFF]750–810 [91]

A 635 There are many kinds and
possibilities

[92]
A [21_TD$DIFF]400–600 [94]
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material for cancer chemotherapy, the long-term toxicity is amajor
problem, especially for non-biodegradable inorganic NP carriers.
Therefore, developing novel nanocarriers with good biocompati-
bility is an urgent task for clinical application

In addition, the biggest obstacle of photothermal conversion
material is the depth of light penetration. Therefore, it is critical to
develop corresponding medical devices to permit the permeation
of laser to deeper tissues [104]. On the other hand, the real-time
imaging monitoring of nanocarriers is of great significance [105].
The low stability of NIR fluorescent dye limits their application.
Thus we need to find a suitable irradiation time [17] and optimize
the structures and surface properties of drugs, so as to improve
their antitumor efficacy. The current means have shown excellent
curative effect in animal experiments.

In summary, although photothermal and RNAi synergistic
therapy is currently limited for clinical application, it is believable
that their applications have broad prospects in imaging and
antitumor therapy and so on.
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