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Abstract: Colorectal cancer (CRC) is one of the most common malignancies. The current treatments of metastatic
colorectal cancer (MCRC) are ineffective and the bottleneck problem. It is of significance to explore effective new
therapeutic strategies to eradicate mCRC. Photothermal therapy (PTT) is an emerging technology for tumor therapy,
with the potential in the treatment of mCRC. In this review, the current treatment approaches to mCRC including
surgery, radiotherapy, chemotherapy interventional therapy, biotherapy, and photothermal therapy are reviewed. In
addition, we will focus on the various kinds of nanomaterials used in PTT for the treatment of CRC both in vitro and
in vivo models. In conclusion, we will summarize the combined application of PTT with other theranostic methods,
and propose future research directions of PTT in the treatment of CRC.
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Introduction

The morbidity and mortality rate of colorectal
cancer (CRC) ranked third in males and second
in females, is high [1]. As the age of the average
population increased, accompanied by environ-
mental factors such as poor diet, smoking, low
physical activity, and obesity, the incidence in
CRC has increased rapidly since the 1950s [2,
3]. In recent years, with the development of
medicine and the application of tumor screen-
ing, the rate of CRC in the elderly has gradually
reduced. On the other hand, the incidence of
CRC in the younger population under 50 years
of age has increased significantly [4]. This is
because people generally would not screen if
there was not a family history, leading to an
advanced and less treatable form of CRC [5].

The treatment of patients with mCRC is one of
the bottleneck problems. Distant metastases
of CRC often occur first in the liver, the lung,
and the peritoneum, followed by rarer distant
metastases in the brain, the bone, and the ret-

roperitoneal lymph nodes [6]. The liver is the
most common site of CRC metastases, because
about 30% of mCRC patients have liver metas-
tases and 50% of patients with liver metasta-
ses also have other metastases during the dis-
ease [7]. Lung metastasis is the second most
common form of colorectal cancer metastases,
occurring in about 11% of CRC patients [8, 9].
Lung metastasis from rectal cancer is more
common than from colon cancer, because rec-
tal cancer could spread directly to the systemic
circulation via the internal iliac veins without
passing through the portal vein [10]. Peritoneal
metastasis occurs in about 4-13% of CRC
patients [11, 12], which was once considered a
form of systemic distant metastases and a ter-
minal state with poor prognosis [13]. At pres-
ent, the treatment pattern of early and progres-
sive CRC is a comprehensive treatment
consisting of surgery, radiotherapy, and chemo-
therapy. This comprehensive treatment result-
ed in a significant increase in 5-year survival
rate of 71% in the early stage and 41% in the
progressive stage [6]. However, the 5-year sur-
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vival rate of patients with advanced colorectal
cancer, namely metastatic CRC (mCRC), even
after surgery, radiotherapy, chemotherapy, and
other treatments is only 14% [6]. Therefore,
exploring effective new treatment strategies is
considerable for the treatment of mCRC.

This article reviews the current status of treat-
ment of MCRC, including surgery, radiotherapy,
chemotherapy, interventional therapy, biother-
apy, and photothermal therapy. In addition,
various photothermal conversion materials for
CRC treatment using cellular and animal mod-
els, and the combination of PTT with other ther-
anostic methods are evaluated.

Canonical treatment of mCRC

Currently, the main treatment methods of
mMCRC include: surgery [14-16]; radiotherapy
[17, 18]; chemotherapy [19-22]; biotherapy [23-
31] and interventional therapy [32]. Depending
on the severity of the disease, mCRC can be
divided into two categories, oligometastatic
CRC (localized mCRC) and extensive mCRC.
Oligometastatic CRC is characterized by a dis-
ease state with less than 2 metastatic sites
and 5 metastatic tumors. However, when the
metastatic sites and numbers are over 2
and 5, respectively, mCRC is more severe and
referred to as extensive mCRC. The goal
for treating oligometastatic CRC is to achieve
complete resection and tumor-free status
by surgery or radiotherapy, while the goal for
treating extensive mCRC is to achieve dis-
ease control through chemotherapy and bio-
therapy, as well as symptom relief. Table 1 com-
pares the indications, complications, and out-
comes of the current mCRC treatment me-
thods.

Surgical treatment

Surgical treatment of mCRC refers to the simul-
taneous removal of primary and metastatic
lesions. Primary resection mainly includes radi-
cal resection (RO resection, no residual tumor
cells under the microscope after resection) and
palliative resection. The main methods include
partial hepatectomy, partial pneumonectomy,
and cytoreductive surgery combined with
hyperthermic intraperitoneal chemotherapy
(CRS-HIPEC) and retroperitoneal lymphadene-
ctomy.
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The liver is the most common metastatic site of
CRC, so liver metastasis is the most critical in
the treatment of MCRC. For OMD with Colorectal
liver metastasis (CLM), the surgical method is
primary resection and partial hepatectomy. For
OMD CRC patients with liver metastasis, the
5-year survival rate of these patients after local
resection was about 30%, which increased up
to 50% when combined local resection with
postoperative adjuvant chemotherapy (Table 1)
[14, 33]. The disadvantage of partial hepatec-
tomy is its limited application, for only 20% of
patients with liver metastases could be
removed surgically [33]. Reasons for inopera-
ble treatment include unresectable extrahepat-
ic disease, the cancerous liver involved is more
than 70%, liver failure, and intolerance to sur-
gery [14]. Researches show that 70% of CRC
patients undergone partial hepatectomy expe-
rience tumor recurrence within 3 years [32,
34].

Surgical treatment for patients with lung metas-
tasis involves partial pneumonectomy. The indi-
cations for surgical treatment include feasible
complete resection, control of the primary
tumor, and surgery tolerance [35]. The 5-year
survival rate of patients after partial pneumo-
nectomy is 25%-35% [48, 49]. This application
is limited, since lung metastases are rarely iso-
lated. Single lung metastasis account for only
1.7-7.2% of all mCRC patients with lung metas-
tases [50]. It is expected that patients with
mCRC who have undergone partial pneumo-
nectomy would have received partial hepatec-
tomy as well [51]. In addition, the recurrence
rate after partial pneumonectomy is high with
80% of patients relapsing within 2 years [50,
52].

Peritoneal metastasis is the second most com-
mon site of CRC metastasis, which usually can-
not be completely removed surgically [15].
However, the metastatic foci of CRC peritoneal
metastasis do not usually occur in a single site
of the peritoneum, but spread to the adjacent
peritoneum to form a diffuse distribution [13],
so local resection cannot completely remove
the peritoneal metastasis. Currently, the clini-
cal treatment for peritoneal mCRC is cyto-
reductive surgery (CRS) combined with hyper-
thermic introperitoneal chemotherapy (HIPEC)
[53], namely CRS-HIPEC. CRS involves in the
resection of all visible lesions, followed by
HIPEC, through which chemotherapy drugs at
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Category Program Indications Complications Efficacy Ref.
Surgical treatment (Primary  Partial hepatectomy Except for unresectable extrahepatic dis- Liver failure, postoperative bleeding, The 5-year survival rate in patients  [14, 33, 34]
resection +) ease, tumor involvement over 70% of liver, heart failure, systemic sepsis with surgery combined with chemo-
liver failure and intolerance to surgery therapy is 50%
Partial pneumonectomy Feasible complete resection, control of the Respiratory secretion retention, The 5-year survival rate is 25% to [8, 35, 36]
primary tumor atelectasis, bronchopleural fistula 35%
CRS+HIPEC Well/moderately differentiation without Anastomotic fistula, bleeding, wound The 5-year survival rate is 31% [15, 37]
extraperitoneal metastasis infection, neutropenia
Radiotherapy Traditional radiotherapy A palliative treatment for extensive mMCRC ~ Radiation damage Local symptom remission [17, 18]
SBRT Oligometastatic CRC Radiation hepatitis/pneumonia/ Improvement of local control rate (17, 18]
enteritis ’
Chemotherapy FOLFIRI A palliative/conversion/adjuvant therapy Febrile neutropenia, nausea, The median 0S is 16.2 months [19, 38]
for mCRC vomiting
FOLFOX A palliative/conversion/adjuvant therapy Neutropenia, low platelet count, The median OS is 19.5 months [20, 34]
for mCRC peripheral neuropathy
CapeOX A palliative/conversion/adjuvant therapy Diarrhea, hand-foot syndrome, The median OS is 16.3 months [21, 39]
for mCRC peripheral neuropathy
FOLFOXIRI A palliative/conversion/adjuvant therapy Neutropenia, diarrhea, nausea, The median OS is 19.6 months [22, 40]
for mCRC vomiting, peripheral neurotoxicity
Interventional therapy Radiofrequency ablation, cryoablation A palliative/conversion/adjuvant therapy Local recurrence, low fever, ab- Improvement of progression-free [41, 42]
or microwave ablation for mCRC dominal pain, muscle pain, nausea, survival
vomiting, liver damage
Chemical/radiotherapy pharmaceu- Extensive mCRC insensitive to canonical Local recurrence, nausea, vomiting,  Improvement of progression-free [43]
ticals embolization or topical use of chemotherapeutics diarrhea, liver function damage survival
chemotherapy pharmaceuticals
Biotherapy EGFR targeting monoclonal antibody K-ras wild-type patients combined with Rashes, allergic reactions, and Improvement of progression-free [44-46]
chemotherapy hypomagnesemia survival
VEGF targeting monoclonal antibody Combination with chemotherapy Hypertension, proteinuria, thrombo-  Improvement of progression-free [25, 46]
embolism survival
Immunity inhibitors dMMR/MSI-H patients Lipase concentration and amylase Improvement of progression-free [29-31]
concentration increased survival
3091 Am J Transl Res 2020;12(7):3089-3115
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42-43°C are intraperitoneally injected during or
straight after the operation [13]. CRS-HIPEC
has been shown to effectively remove residual
lesions in the abdominal cavity and prolong the
survival time of patients with peritoneal metas-
tasis through the combination of thermal effect
and chemotherapeutics [15]. Since chemother-
apeutic drugs need to be distributed uniformly
throughout the abdominal cavity to Kill the
metastases instead of therapeutic targeting
just one region, this will inevitably lead to dam-
age of the normal surrounding tissue [54]. CRS-
HIPEC has a couple of disadvantages: 1) CRS is
complicated with long operation time of up to
8-10 h, making the process difficult to be toler-
ated by patients; and 2) The incidence of post-
operative complications is very high, with the
main complication rate of 12%-52%. The com-
mon complications are intestinal obstruction,
abscess, hematologic toxicity, fistula, and sep-
ticemia [55].

Isolated retroperitoneal lymph node metasta-
ses usually recur after radical resection of CRC,
accounting for about 1% of all CRC patients.
After retroperitoneal lymphadenectomy, the
median survival time is 31 months, with an
overall five-year survival rate of 15%, compared
with the median survival time of 3 months in
the unresected patients [56]. However, the ret-
roperitoneal lymphadenectomy is only limited
to some cases. It is not appropriate when the
metastases invade major blood vessels (such
as superior mesenteric artery, abdominal axis,
and aorta) and organs (such as the pancreas,
bile ducts, and duodenum) or in patients intol-
erant to surgery.

Radiotherapy

The radiotherapy for the treatment of mCRC
includes traditional radiotherapy and stereo-
tactic body radiotherapy (SBRT). Traditional
radiotherapy has a limited effect in extracranial
malignant tumors due to natural body move-
ment and low radiation tolerance by the normal
surrounding tissue. Consequently, traditional
radiotherapy is only used for local symptom
relief as a palliative treatment. SBRT, on the
other hand, can be used for the local treatment
of patients with oligometastatic CRC to achieve
a tumor-free status [17]. SBRT along with the
use of low-fraction radiation can deliver high-
dose radiation to the target area, while normal
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tissues receive only low doses of radiation. In
addition, the high dose radiation from SBRT
provides additional anti-tumor effects, includ-
ing direct cytotoxicity and microvascular dam-
age in the target tumor tissue [18].

SBRT can be used for inoperable patients with
oligometastatic CRC. In 2014, it was reported,
the 2-year local control rate after SBRT against
liver metastases is about 80%, and the 2-year
survival rate was 32%-83%. The 2-year local
control rate after SBRT against lung metasta-
ses was about 80% and the 2-year overall sur-
vival rate was 33%-86%. As for retroperitoneal
lymph node metastases, the overall 3-year sur-
vival rate of patients with SBRT treatment was
reported at 71% [18]. SBRT was reported to
cause some complications including radioac-
tive hepatitis, pneumonia, and enteritis.
Currently, the efficacy study of SBRT to treat
mCRC is limited to a small sample size. The
optimum dose, indication, and validity of SBRT
are still to be defined.

Chemotherapy

Chemotherapy can be applied as extensive
mCRC palliative care, as well as conversion
therapy for potentially resectable mCRC and
adjuvant therapy for resectable mCRC. First-
line chemotherapy can increase the median
overall survival of patients with extensive mCRC
to 12-20 months [19-22]. To date, the main
CRC chemotherapy regimens include: FOLFIRI
(calcium folinate, fluorouracil and irinotecan)
[19]; FOLFOX (calcium folinate, fluorouracil and
oxaliplatin) [20]; CapeOX (capecitabine and
oxaliplatin) [21]; FOLFOXIRI (calcium folinate,
fluorouracil, irinotecan and oxaliplatin) [22].

Chemotherapy is also used as a conversion
therapy for unresectable mCRC and an adju-
vant therapy for resectable mCRC. Conversion
therapy can be used to improve disease status
of unresectable metastases, and transform
them into resectable lesions [57, 58]. A report
showed that 10% to 30% of patients with unre-
sectable liver metastases became resectable
after chemotherapy [59]. As for resectable
MCRC, preoperative neoadjuvant chemothera-
py is used to help determine the tumor response
to chemotherapy. Thus, it also determines the
optimal postoperative chemotherapy regimen.
Preoperative neoadjuvant chemotherapy was
also able to aid in identifying the patients not
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suitable for surgery due to the particular inva-
siveness of the tumor [60]. In addition, it has
been shown that adjuvant chemotherapy after
surgery for resectable mCRC improves the
prognosis, where the 5-year RFS and OS rates
(27% and 67%, respectively) of the patients
receiving adjuvant chemotherapy are higher
compared to those of the patients not receiving
adjuvant chemotherapy after surgery (14% and
46%, respectively) [61].

Due to the poor selectivity of chemotherapeutic
drugs used, treatments often come with seri-
ous systemic side effects. In patients, FOLFIRI
has been shown to often cause mucous mem-
brane inflammation, nausea, vomiting, and hair
loss, while FOLFOX often causes neutropenia
and neurosensory toxicity [62]. In addition, che-
motherapy is not effective to treat all mCRC
after surgery. Previous studies showed the use
of chemotherapy after removal of peritoneal
metastases did not result in obvious improve-
ment in prognosis, and its overall survival rate
was significantly lower than that of other organ
metastases [63, 64]. The main reason was that
the concentration of intravenous chemothera-
py drugs can be diluted significantly after pen-
etrating through the peritoneal-plasma barrier,
which meant the effective drug concentration
in the peritoneal cavity cannot be achieved
[65].

Interventional therapy

Interventional therapy of mCRC mainly includes
ablation of energy devices (radiofrequency
ablation, cryoablation, microwave ablation),
embolization of interventional (chemotherapy
or radiotherapy drugs), and local application of
chemical drugs [43, 66]. The treatment of
hepatic metastasis of CRC remains the most
common and important point in mCRC therapy,
and surgery is the preferred treatment. A
10-year (1992-2002) clinical study enrolled
418 patients with CLM, assigned different
treatment to them, and found that the total
recurrence rate of ablation alone group was sig-
nificantly higher than that of surgery combined
with ablation group and surgery alone group for
colorectal cancer with liver metastasis (84% vs
64% vs 52%) [67]. After follow-up for 4 years,
the overall survival rate was 22% in the abla-
tion alone group, 36% in the surgical combined
ablation group, and 65% in the surgery alone
group. The overall survival rate in the 5-year
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follow-up group was still 58% [67]. However,
there are still a large number of patients with
CLM who cannot remove the lesion completely.
Therefore, the use of interventional therapy
(such as ablation, interventional embolization,
and local injection of chemicals) is of great sig-
nificance for eliminating tumor lesions and
improving PFS and OS in CLM patients. A phase
Il clinical trial (EORTC 40004) enrolled 119
patients with mCRC that cannot be resected
completely, through comparing the efficacy of
radiofrequency ablation + systemic chemother-
apy and systemic chemotherapy, concluded
that radiofrequency ablation combined with
chemotherapy than simple chemotherapy sig-
nificantly improves the OS and PFS. To radiofre-
quency ablation combined with systemic che-
motherapy, the 3-year survival rate was 27.6%,
the median progression-free survival was 16.8
months, and to systemic chemotherapy group,
the 3-year survival rate was 10.6%, the median
survival was 9.9 months [68]. In the latest
guidelines of the European cancer society
(ESMO), the significance of ablative therapy in
the treatment of oligometastatic mCRC is again
emphasized. The treatment of oligometastatic
MCRC needs to be determined based on multi-
disciplinary discussions. Treatment options
include RO surgical resection, radiofrequency
ablation, and interventional embolization [32].

Biotherapy

In recent years, the application of biotherapy in
the treatment of cancer is a growing interest in
cancer research. The main biotherapeutic
agents used against mCRC include targeting
drugs for CRC biomarkers and immunosuppres-
sants for immune checkpoints [29-31]. How-
ever, biotherapy alone improves patients’ sur-
vival time limitedly, therefore, it's usually used
in combination with chemotherapy [69, 70].
Along with chemotherapy, biotherapy was often
used as palliative therapy for extensive mCRC
and conversion therapy or adjuvant therapy in
resectable mCRC [60, 71].

Targeting biotherapy drugs used for mCRC
treatment include monoclonal antibody for epi-
dermal growth factor receptor (EGFR) and vas-
cular endothelial growth factor (VEGF) [23-28].
EGFR targeting drugs include cetuximab (EGFR
monoclonal antibody) and paracetamol. The
overall survival time of patients with K-ras wild-
type mCRC treated with cetuximab was 9.5

Am J Transl Res 2020;12(7):3089-3115
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months, which almost doubled compared to
4.8 months for patients with supportive care
alone [28]. In addition, cetuximab in combina-
tion with chemotherapy regimens such as
FOLFOX and FOLFIRI reduced the risk of pro-
gression in K-ras wild type mCRC patients [44,
45]. Unfortunately, cetuximab can only use for
wild-type K-ras patients, since it was shown to
not be beneficial in treating K-ras mutant
patients [28, 44].

VEGF targeted monoclonal antibody includes
bevacizumab. Several studies have shown that
the combination of bevacizumab and chemo-
therapy regimens prolongs the survival of
patients with mCRC [23-25]. However, a study
in 2015 found that the VEGF monoclonal anti-
body combined with the current first-line che-
motherapy regimen of FOLFIRI and FOLFOX did
not increase progression-free survival and the
overall survival in patients with mCRC [23].
Thus, the efficacy of such therapies is still
controversial.

The prevailing immunity inhibitors of pro-
grammed cell death protein-1 (PD-1) and
Cytotoxic T lymphocyte-associated protein-4
(CTLA-4) are effective in the treatment of mis-
match repair deficient/microsatellite instabili-
ty-high (dAMMR/MSI-H) CRC [29, 30]. Patients
with mCRC of dMMR/MSI-H are usually not
sensitive to chemotherapy, but they will experi-
ence a long-term control of the disease after
receiving a combination of naloxone (a PD-1
inhibitor) and chemotherapy [31]. Compared
with PD-1 inhibitor monotherapy alone, the
combination of naltrexone and ipilimumab (a
CTLA-4 inhibitor) improves the efficacy in mCRC
of dAMMR/MSI-H patients with higher progres-
sion-free survival and overall survival [30].
However, the application of immunity inhibitors
has its limitations. First, the incidence of
dMMR/MSI-H in the CRC terminal stage was
low (about 3%-5%) [72], while whether or not to
take immunity inhibitors depends on the type
of tumor. Second, the efficacy of PD-1 inhibitors
in patients with mismatch repair proficient/mic-
rosatellite instability-low (PMMR/MSI-L) or nor-
mal mismatch repair proficient/microsatellite
stability (PMMR/MSS) was poor [29]. In addi-
tion, the combination therapy of PD-1 inhibitor
and CTLA-4 inhibitor was beneficial only in a
small number of p MMR/MSI-L patients [30].

In summary, there are some limitations in the
traditional surgical treatment of mCRC, such as
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surgical trauma, side effects, and drug resis-
tance. Surgical treatment is only limited to
patients with resectable metastasis [15, 33,
35]. This method also leads to a higher rate of
postoperative recurrence or complication [52,
54, 73]. SBRT, on the other hand, can be used
for inoperable patients with oligometastatic
CRC. However, indications for radiotherapy are
limited, and the optimal dose and efficacy
remain unknown [17, 18]. Although chemother-
apy showed some effectiveness in improving
the disease status of mMCRC and converting an
unresectable tumor in to an operative lesion,
its disadvantages and limitations include poor
selectivity, poor efficacy, and more systemic
adverse reactions [19-22, 62]. Biotherapy, a
relatively new concept, is often used in combi-
nation with chemotherapy and is only limited in
treating a specific set of mCRC cohort [28, 44,
69, 70]. There are levels of trauma and often
major side effects associated with the current
mMCRC treatments available. Therefore, it is
desirable to exploit new therapeutic strategies
with low trauma and fewer side effects in the
treatment of mCRC.

Photothermal therapy (PTT) for CRC

Photothermal therapy is a new technology of
tumor therapy with great potential. The proce-
dure for PTT is concentrating photothermal
nano-materials on the tumor tissue by targeting
technology, and then illuminating the tumor tis-
sue with a light source. In this way, the light
energy from the irradiation with strong tissue
penetration is rapidly converted into heat ener-
gy utilizing photothermal nanomaterials, and
thus killing the tumor cells [74]. Compared to
the traditional treatment methods, PTT has sig-
nificant advantages including higher specificity,
lower invasive injury, and less normal tissue
damage [75].

Photothermal nanomaterials for PTT

Photothermal nanomaterials are nano-materi-
als with the ability of photothermal conversion,
usually using near-infrared radiation (NIR) as
the light energy source [74, 76]. Tissue compo-
nents such as hemoglobin and water have the
highest transmittance for NIR, allowing it to
penetrate through 10 cm of subcutaneous tis-
sue, 4 cm of skull/brain tissue, or 4 cm of mus-
cle tissue [77, 78]. Under the irradiation of NIR,
only the part of the photothermal nanomaterial
can produce enough heat to specifically kill the
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cancer cells, without damaging the surrounding
tissues [79]. The types of photothermal nano-
materials currently under development for the
use in CRC PTT include noble metal nanomate-
rials, carbon-based nanomaterials, metal com-
pounds nanomaterials and organic nanomate-
rials [80]. Table 2 summarizes the application,
outcomes, and clinical application prospects of
various PTT materials with in vitro and in vivo
models.

The noble metal nanomaterials of photother-
mal nanomaterials for photothermal therapy
include gold nanoparticles [81-84], gold na-
norods [85-87], gold nanoshells [88, 89], and
silver-based or platinum-based nanomaterials
[90, 91]. The surface plasmon resonance (SPR)
of noble metal nanomaterials is the basis of
their photothermal conversion ability [92], The
absorption wavelength and photothermal con-
version efficiency of these nanomaterials de-
pend on the SPR effects, adjusted by the size,
shape and structure of these nanomaterials
[93].

The absorption peak of spherical gold nanopar-
ticles is located within the visible light range. In
2017, Hosseinzadeh et al. demonstrated the
use of a gold nanoparticle targeting MUC1
aptamer, with the maximum absorption wave-
length of 630 nm which is within visible wave-
length range in vitro [81]. Although they demon-
strated its ability in decreasing the activity and
migration of colorectal cancer cells by photo-
thermal effect, the pure gold spherical nanopar-
ticles alone were unsuitable for in vivo work
due to the absorption peak of visible radiation.
Therefore, the gold nanoparticles need to be
hybridized to other materials, which will adjust
their absorption peak to the near-infrared
region making it suitable for PTT [94]. This is
demonstrated in a paper showing tail vein injec-
tion of a gold-iron oxide hybrid nanoparticle tar-
geting the CRC single-chain antibody A33scFv
into the CRC subcutaneous tumor-bearing mice
slowed down the growth rate of tumor volume
and caused necrosis of tumor tissue after irra-
diation with NIR (Figure 1A) [83]. In addition,
the material can be used as a contrast agent
for T2-weighted imaging in magnetic resonance
(MR) imaging, which can clearly show antigen-
expressing tumor cells in vivo [83].

The absorption peak of gold nanorods is suit-
able to be adjusted to the NIR region by adjust-
ing the aspect ratio [95]. Similarly, the method
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for adjusting the gold nanoshells is adjusting
the size and the thickness [96]. In recent years,
there are several studies indicating the poten-
tial of nanorod as a tool for PTT against CRC.
This is demonstrated in a paper by Parchur et
al., where they synthesized gold nanorods coat-
ed with Gd203: Ln (Au@Gd203: Ln) [84]. Their
results showed that the nanorod injected
through the portal vein into CRC liver metastat-
ic cancer-bearing rats (Figure 1B) were able to
cause tumor tissue necrosis by NIR irradiation,
with minimal damage to the normal surround-
ing liver tissue. Another group showed a
PEGylated gold nanorod intravenous injected
and activated by NIR irradiation increased the
average survival time of the CRC subcutaneous
tumor-bearing mice significantly (Figure 1D)
[86]. As a result, 4/9 of the mice had complete
tumor ablation. In addition, a number of in vitro
experiments also support the anti-tumor effect
of the nanorod. Methylene blue loaded gold
nanorods with SiO2 shell (Figure 1C) was shown
to decrease the activity of CRC cells to 11%
after NIR irradiation [85], while FITC and cispla-
tin loaded chitosan-gold nanorods hybrid nano-
sphere was also effective in decreasing CRC
cell viability [87]. Gold nanoshells have a char-
acteristic of the ability to carry functionalized
molecules, thus making it multifunctional. This
is shown in the paper describing the simultane-
ous use of a gold nanoshell carrying superpara-
magnetic iron oxide nanoparticles in PTT and
MR imaging [88]. Moreover, gold half-shell
nanoparticles loaded with a chemotherapeutic
drug doxorubicin (DOX) could produce both che-
motherapy and PTT effects in CRC subcutane-
ous tumor-bearing mice [89]. Low photostabili-
ty is the common disadvantage of gold mate-
rials. Low photostability can cause structural
deformation, and structure deformation is one
of the disadvantages in the use of gold materi-
als [97]. This makes the viability and the thera-
peutic effects of gold materials difficult to con-
trol for treatments that require long irradiation
time. Further study is required in creating a
stable nanomaterial.

Platinum-based and silver-based nanomateri-
als are also considered for photothermal thera-
py. PVIII fusion protein modified gold-silver
hybrid nanorods (PHNRS, Figure 1E) were used
in PTT to target against CRC cells. As a result,
the cell viability of cancer cells was reduced to
30%, while the control group was above 80%
[941]. In addition, FePt-gold hybrid nanoparticles
were put into the CRC subcutaneous tumor
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Table 2. Photothermotherapy for CRC (continued from previous table)

Wavelength and

Category Material Model ) . Application Outcome Summarize Ref.
intensity

Noble metal nanomaterials SN38 conjugated HT-29 and SW-480 630 nm; 30 mW Combined chemo- Decreased cell viability  excited with visilbe light; PTT in [81]
hyaluronic acid gold cells 6 min PTT and cell migration vitro; Lack of in vivo application
nanoparticles value
Anti-MG1 conjugated CC-531 cells CRC liver 808 nm; 0.56 W/cm? PTT, MR imaging Increased tumor necro-  excited with NIR; PTT; low photo- [82]
hybrid magnetic gold metastasis-bearing rats 3 min sis rate stability
nanoparticles
Immune-targeted gold-iron SW-1222 cells subcu- 808 nm; 3-5 W/cm?  PTT, MR imaging Slowing down of tumor  excited with NIR; PTT; low photo- [83]
oxide hybrid nanoparticles taneous tumor-bearing 20 min*7 times growth, tumor tissue stability

mice necrosis
Gd203: Ln coated gold CC-531 cells CRC liver 808 nm; 0.5/0.55 PTT, CT imaging Large necrotic region in  excited with NIR; interventional [84]
nanorods metastasis-bearing rats  W/cm? 3 min the center of the tumor  imaging guided chemo-PTT; low
photostability
Methylene blue loaded CT-26 cells 780 nm; 1 W/cm? Combined PTT-PDT  Cell activity dropped excited with NIR; PTT; low photo- [85]
gold nanorods with Si02 50 min to 11% stability
shell
PEGylated gold nanorods  CT-26 cells subcutane- 808 nm; 3.5 W/cm?  PTT Increased OS, 4/9 excited with NIR; molecular target-  [86]
ous tumor-bearing mice of mice completed ing and magnectic targeting guided
ablation chemo-PTT; low photostability

FITC/cisplatin loaded LoVo cells 808 nm; 1/2/3 W/ chemo-PTT, fluores-  Decreased cell viability — excited with NIR; chemo-PTT; low [87]
chitosan-gold nanorods cm? cence imaging photostability
MUC-1 aptamer targeted HT-29 cells 820 nm; 0.7 W/cm? PTT, MR imaging Decreased cell viability  excited with NIR; PTT; low photo- [88]
gold coated superpara- 2 min stability
magnetic iron oxide
nanoparticles
DOX-loaded gold half-shell DLD-1 cells subcutane- 808 nm; 82 W/cm?  Combined Slowing down of tumor  excited with NIR; molecular target-  [89]
nanoparticles with anti- ous tumor-bearing mice 10 min chemo-photothermal growth, tumor tissue ing guided chemo-PTT; reduce
DR4 antibody therapy necrosis MDR; low photostability
FePt-gold nanoparticles HT-29 cells subcutane- 808 nm; 0.6 W/cm?  PTT, MR/PAl imaging Completed ablation excited with NIR; MRl and PAI [90]
hybrid anisotropic nano- ous tumor-bearing mice guided chemo-PTT; cytotoxicity
structures
Assembled phage fusion ~ SW-620 cells 808 nm; 4 W/cm? PTT, fluorescence Decreased cell viability  excited with NIR; PTT; photostability  [91]
proteins modifed gold- 10 min imaging
silver hybrid nanorods

Carbon-based nanomaterials Irinotecan loaded HCT-116 cells 810 nm; 3x10° W/ chemo-PTT Decreased cell viability — excited with NIR; chemo-PTT; low [103]
hyaluronic acid/polyaspar- mm? photothermal conversion efficiency;
tamide-based double- cumulative toxicity
network nanogels
SN38 conjugated cyclo- HT-29 cells 808 nm; 2 W/cm? chemo-PTT Decreased cell viability — excited with NIR; chemo-PTT; low [104]
dextrins coated graphene photothermal conversion efficiency;
oxide cumulative toxicity
Cetuximab/DOX modified  CT-26 cells subcutane- 808 nm; 2.5 W/cm?  chemo-PTT, MRI Completed ablation excited with NIR; chemo-PTT; dual [105]
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magnetic graphene oxide

ous tumor-bearing mice

guidance

targeting; low photothermal conver-
sion efficiency; cumulative toxicity
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Folic acid-functionalized
multi-walled carbon
nanotubes

Multiwalled carbon
nanotubes

POSS-PCU nanocomposite
polymer

copper sulfate nanocom-
posite materials

PEGylated copper
nanowires

Amphiphilic polymer
coated copper selenide
nanocrystals

EGFR targeted micelles
loaded with IR-780

IR780 encapsulated
nanostructured lipid

Indocyanine green and
DOX loaded hyaluronic
acid

Radionuclide rhenium la-
beled micelles containing
Dye IR-780

SN38 and dye IR780
loaded nanomicelles

ADS-780 decorated apo-

ferritin nanoparticles

Platinum-chelated biliru-
bin nanoparticles

SN-38-encapsulated nano-
porphyrin micelles

Photothermal therapy for metastatic CRC

RKO and HCT-116 cells

RKO and HCT-116 cells

HT-29 cells

Caco-2 cells

CT-26 cells subcutane-
ous tumor-bearing mice

HCT-116 cells

HCT-116 and SW-620
cells subcutaneous
tumor-bearing mice

CT-26 cells subcutane-
ous tumor-bearing mice

HCT-116 cells subcu-
taneous/in situ tumor-
bearing mice

HCT-116 cells subcu-
taneous tumor-bearing
mice

HCT-116 cells subcu-
taneous tumor-bearing
mice

HT-29 cells subcutane-
ous tumor-bearing mice

HT-29 cells subcutane-
ous tumor-bearing mice

HT-29 cells subcutane-
ous tumor-bearing mice

1,064 nm; 30 J/cm?

1064 nm; 3 W/cm?
10s

808 nm; 1/0.5 W/
c¢cm? 10 min

808 nm; 1/2/5 W/
cm?

808 nm; 1.5 W/cm?
6 min

800 nm; 33 W/cm?
5 min

780 nm 1.8 W/cm?

808 nm; 2 W/cm?

808 nm; 1 W/cm?

808 nm; 1.8 W/cm?

808 nm; 1 W/cm?

808 nm; 1.2 W/cm?

808 nm; 1 W/cm?

690 nm; 45/90 J/
cm?

PTT

chemo-PTT

PTT

PTT

chemo-PTT

PTT

chemo-PTT

PTT

chemo-PTT

PTT, SPECT imaging

chemo-PTT

chemo-PTT fluores-
cence imaging

PTT, PAl imaging

chemo-PTT-PDT

Decreased cell viability

Decreased cell viability

Decreased cell viability

Decreased cell viability

Slowing down of tumor
growth, tumor tissue
necrosis

Necrocytosis

Completed ablation of
HCT-116 tumor

Slowing down of tumor
growth, tumor necrosis

inhibition of subcutane-
ous tumor and in situ
tumor

Slowing down of tumor
growth, tumor tissue
necrosis

Slowing down of tumor
growth, tumor tissue
necrosis

Slowing down of tumor
growth, tumor tissue
necrosis

Slowing down of tumor-
growth, tumor tissue
necrosis

Slowing down of tumor-
growth, tumor tissue
necrosis

excited with NIR; chemo-PTT;
enhanced tumor affinity; low
photothermal conversion efficiency;
cumulative toxicity

excited with NIR; chemo-PTT;
enhanced photothermal conversion
efficiency; cumulative toxicity
excited with NIR; chemo-PTT;
enhanced biocompatibility and
photothermal conversion efficiency
excited with NIR; PTT; low pho-
tothermal conversion efficiency;
cumulative toxicity; inexpensive
excited with NIR; PTT; low pho-
tothermal conversion efficiency;
cumulative toxicity; inexpensive
excited with NIR; PTT; inexpensive;
moderate photothermal conversion
efficiency; cumulative toxicity
excited with NIR; chemo-PTT; bio-
compatibility and biodegradation;
multimodal images; photobleach-
ing

excited with NIR; chemo-PTT; bio-
compatibility and biodegradation;
Oral administration; photobleach-
ing

excited with NIR; chemo-PTT; better
biocompatibility and biodegrada-
tion; controllable drug release;
photobleaching

excited with NIR; chemo-PTT; bio-
compatibility and biodegradation;
tissue damage

excited with NIR; chemo-PTT;
biocompatibility and biodegrada-
tion; reticuloendothelial system
avoidance

excited with NIR; chemo-PTT; bio-
compatibility and biodegradation;
dual-release mechanisms

excited with NIR; chemo-PTT;
biocompatibility and biodegrada-
tion; PAI; EPR

excited with NIR; chemo-PTT-PDT,;
biocompatibility and biodegrada-
tion; multimodal images

[106]

[107]

[108]

[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

[123]

[135]

[124]
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Organic nanomaterial

Diketopyrrolopyrrole-
triphenylamine organic
Nanoparticles

Fe3+/vinylpyrrolidone
coordination polymer
nanoparticles

Polydioxanone nanofibers

Polyaniline-coated upcon-
version nanoparticles

Polyoxyethylene chain
coated polyaniline
nanoparticles
Conjugated polymer PCP-
DTBSe nanoparticles

Low band gap donor-ac-

ceptor conjugated polymer

nanoparticles

Photothermal therapy for metastatic CRC

HCT-116 cells subcu-
taneous tumor-bearing
mice

SW-620 cells subcuta-
neous tumor-bearing
mice

CT-26 cells

U87MG cells subcuta-
neous tumor-bearing
mice

HCT-116 cells subcu-
taneous tumor-bearing
mice

CT-26 cells

RKO and HCT-116 cells

660 nm; 1 W/cm?

808 nm; 1.3 W/cm?
6 min

808 nm; 2 W/cm?

3 min

808 nm; 0.5 W/cm?

808 nm; 0.5 W/cm?

450/800 nm;
1.91/3.82 W/cm?

808 nm; 600 mW/
cm?

PTT and PDT, PAI
imaging

PTT,MR imaging

chemo-PTT

PTT, fluorescence

imaging

PTT

PTT

PTT

Completed ablation

Completed ablation

Decreased cell viability

Completed ablation

Completed ablation

Decreased cell viability

Decreased cell viability

excited with NIR; imaging com-
bined with chemo-PTT; better
biocompatibility and biodegrada-
tion; EPR; PTT-PDT

excited with NIR; MRI guided PTT;
biocompatibility and biodegrada-
tion; tumour-imaging sensitivity;
facilitated renal clearance
excited with NIR; chemo-PTT; bio-
compatibility and biodegradation;
multimodal images

excited with NIR; chemo-PTT;
better biocompatibility and
biodegradation;multimodal images
excited with NIR; chemo-PTT; bio-
compatibility and biodegradation;
photobleaching

excited with NIR; chemo-PTT; bio-
compatibility and biodegradation;
multimodal images; photobleach-
ing

excited with NIR; chemo-PTT; bio-
compatibility and biodegradation;
photobleaching; high photothermal
effciency

[125]

[127]

[126]

[128]

[129]

[130]

[131]
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Figure 1. Noble metal nanomaterials. A. Gold-iron oxide hybrid nanoparticles [83]; B. Portal vein injection of Au@
Gd203:Ln [84]; C. Methylene blue loaded gold nanorods with SiO2 shell [85]; D. PEGylated gold nanorods [86]; E.
schematic diagram showing PHNRS for PTT against CRC SW-620 cells [91].

mouse model by intra-tumor injection, causing
complete tumor ablation after NIR irradiation
[90]. Besides their photothermal conversion
properties, platinum nanomaterials have natu-
ral anticancer properties including their ability
in causing DNA strand breaks and their antioxi-
dant behavior [98, 99], which could be en-
hanced by appropriate surface modification
[100]. The anticancer characteristic of silver
nanoparticles is the release of Ag+ that results
in the formation of reactive oxygen species,
and further mitochondrial toxicity and DNA
damage [100, 101]. Therefore, the cytotoxicity
produced by local high concentrations of pla-
tinum-based and silver-based nanoparticles
form a synergistic effect with photothermal the-
rapy. Unfortunately, both platinum-based and
silver-based nanomaterials have disadvantag-
es in causing cytotoxicity to normal cells as
well. For platinum-based nanomaterials, the
reason is that their ability to cause DNA strand
breaks in cells is non-selective, while for silver-
based nanomaterials the reason is that they
can also be easily oxidized by O, or H,S in vivo
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to produce cytotoxic Ag+ in surrounding tissue
or in blood circulation [102].

Carbon-based nanomaterials also have NIR
absorption capacity. The types which currently
under development for photothermal therapy
include graphene [103-105] and carbon nano-
tubes [106-108]. Graphene is made up of a flat
sheet of carbon atoms, while carbon nanotube
is a three-dimensional structure made of gra-
phene [109, 110].

Carbon-based nanomaterials have electro-
chemical properties and non-covalent bond
binding properties, thus allowing them to use in
combination with functionalized molecules
which also have covalent or noncovalent bind-
ing and different surface chemical properties.
Some of these include magnetic materials
[105] and chemotherapeutic drugs [111]. A
number of publications have demonstrated
due to the large aromatic surface areas of the
graphene oxide nanogels, they can be loaded
with chemotherapeutic drugs including irinote-
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Figure 2. Carbon-based nanomaterials. A. Irinotecan loaded graphene oxide nanogels [103]. B. SN38 loaded gra-
phene oxide nanogels [104]. C. Cetuximab and Fe304 Magnetic nanoparticles loaded graphene oxide nanogels
[105]. D. Multiwalled carbon nanotubes bound with folic acid [106]. E. POSS-PCU nanocomposite polymer [108].
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Figure 3. Metal compounds nanomaterials. A. CuSO4 NCs [115]. B. PEGylated CuNWs [116]. C. Cu (2-x) Se nano-

crystals [117].

can (Figure 2A) [103], SN38 (an active metabo-
lite of irinotecan, Figure 2B) [104], cetuximab
and Fe304 magnetic nanoparticles (Figure 2C)
[105]. In addition, another paper showed that
the multiwalled carbon nanotubes bound with
folic acid Figure 2D) can enhance the affinity
for CRC cells by 400-500%, and decrease the
activity of CRC cells by 50-60% after NIR irra-
diation [106]. Moreover, Tan et al., synthesized
poly (carbonate-urea) urethane functionalized
multiwalled carbon nanotubes (POSS-PCU,
Figure 2E) that can thermally ablate cancer
cells under NIR irradiation [108]. However, the
main disadvantages of carbon-based nanoma-
terials are first their low photothermal conver-
sion efficiency, which means a higher irradia-
tion wavelength or intensity is necessary com-
pared with other materials. This may result in
more normal tissue damage [112]. Second,
they can easily deposit into organs such as
liver, kidney, and skin, causing granuloma for-
mation and further leading to the development
of cysts and organ damage [113, 114].

Currently, the studies of metal compound nano-
materials used in CRC photothermotherapy are
few, and the materials targeting CRC in vivo
need to be developed. Metal compound nano-
materials mainly include copper compounds
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[115-117]. The advantages of metal compound
nanomaterials are their low cost and low cyto-
toxicity [116]. A recent study reported that cop-
per sulfate nanocomposite materials (CuSO,
NCs, Figure 3A) decreased the viability of CRC
cells after NIR irradiation [115]. In addition,
polyethylene glycol coated copper nanowires
(PEGylated CuNWs, Figure 3B) was shown to
induce tumor cell necrosis and inhibit tumor
growth in CRC subcutaneous tumor-bearing
mice through intratumor injection and NIR irra-
diation [116]. Furthermore, Hessel et al. [117]
synthesized copper selenide nanocrystals (Cu
(2-x) Se nanocrystals, Figure 3C) that necro-
tized CRC cells under NIR irradiation. The disad-
vantage of metal compound nanomaterials is
similar to carbon-based nanomaterials in that
they also have low photothermal conversion
efficiency. Ultimately, these materials require
high power NIR or adjustment in their size and
shape to improve the photothermal conversion
ability [75].

Organic nanomaterials currently under develop-
ment include NIR dye-based nanomicelles
[118-124], porphyrin liposome nanomaterials
[89], small organic nanomaterials [125]; and
organic polymer nanomaterials [126-131].
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Figure 4. Organic nanomaterials. A. EGFR-targeted micelles containing NIR dye [118]. B. IR7T80@NLCs [119]. C.
SN38 and dye IR780 loaded nanomicelles [122]. D. Dye ADS-780 decorated apoferritin nanoparticles [123].

Organic nanomaterials have better biocompat-
ibility and biodegradation compared with inor-
ganic nanomaterials [132]. This is demonstrat-
ed a by research showing the use of nanoma-
terials containing NIR dyes such as indocyanine
green and heptamethine cyanine which can be
excreted through the urine [133]. Nanomaterials
carrying liposome and protein have been shown
to be degraded in the body [134, 135]. It was
shown that an EGFR-targeted micelle contain-
ing NIR dye IR-780 (Figure 4A) can successfully
accumulate in CRC tumor tissue through tail
vein injection of subcutaneous tumor-bearing
mice and subsequently reduce the size of the
tumor after irradiation [118]. In another report,
they demonstrated that a nanostructured lipid
carrier containing NIR dye (IR780@NLCs, Figure
4B) was stable in simulated gastric and intesti-
nal conditions and targeted tumor in subcuta-
neous tumor-bearing mice through oral absorp-
tion [119]. In addition, some polymer materials,
such as Fe3*/vinylpyrrolidone coordination poly-
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mer nanoparticles [127], polyaniline-coated
upconversion nanoparticles [128], and polyoxy-
ethylene chain coated polyaniline nanoparti-
cles [129], have been shown to completely ab-
late the tumor in a CRC subcutaneous tumor-
bearing mouse model after NIR irradiation.

For combined applications, some organic nano-
materials have been designed to bind to func-
tional molecules, such as anticancer drugs and
contrast agents. Many functional molecules
binding nanomaterials for colorectal cancer
were reported, including SN38 and dye IR780
loaded nanomicelles (Figure 4C) [122], SN-38-
encapsulated nano porphyrin micelles (SN-
NPM) [122], DOX and indocyanine green loaded
hyaluronic acid [120], dye ADS-780 decorated
apoferritin nanoparticles (Figure 4D) [123], PI-
atinum-chelated bilirubin nanoparticles [136],
and radionuclide rhenium labeled micelles con-
taining Dye IR-780 [121]. After tail vein injection
and NIR irradiation of these materials in CRC
subcutaneous tumor-bearing mice they were all
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shown to be effective in slowing down the
growth rate of tumor volume and in causing
tumor tissue necrosis. The disadvantage of
organic photothermic agents is their suscepti-
bility to photobleaching [118]. Their absorption
capacity decreases rapidly as functions of time,
which makes them insufficient for long irradia-
tion treatment [135].

Combined application of photothermal therapy

Imaging-guided photothermal therapy is an
effective method to detect the biological distri-
bution of photothermal nanomaterials and
evaluate the performance of PTT in tumor abla-
tion. In this way, visualization of the tumor
metastasis provides an effective reference fac-
tor for irradiation range before treatment, and
therapeutic effect after treatment as well.
These include fluorescence imaging [87, 91,
123, 128], MR imaging [82-84, 88, 90, 127],
and photoacoustic imaging [90, 125, 136].

Attaching fluorescent probes to nanomaterials
is to detect/track fluorescence imaging-guided
photothermal therapy. Synthesized -cisplatin
was loaded into chitosan/gold nanorod hybrid
nanosphere conjugated to a fluorescence
probe, fluorescein isothiocyanate (FITC) by a
covalent linkage [87]. By using the microscopic
scattering dark-field imaging of localized sur-
face plasmon resonance and fluorescence
images of FITC, the hybrid nanosphere could be
used as a bimodal contrast agent for real-time
optical imaging. At the same time, the com-
bined effect from the PTT and chemotherapy
can accelerate the death of cancer cells, allow-
ing an all-in-one system of cell imaging, drug
delivery, and photothermal therapy.

Photothermal conversion materials connected
with superparamagnetic materials are suitable
for MR imaging and PTT. Azhdazadeh et al. [88]
synthesized gold-plated superparamagnetic
iron oxide nanoparticles with the MUC-1 aptam-
er as a targeting agent (Au@SPIONs). Au@
SPIONSs significantly attenuated the MR signal
strength of CRC cells HT-29 treated compared
with control cells.

Nanomaterials carrying radionuclides are appli-
cable for positron emission tomography (PET)
or single-photon emission computed tomogra-
phy (SPECT) [137, 138]. Peng et al. [121] syn-
thesized NIR dye IR-780 loaded multifunctional
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micelles labeled with the radionuclide rheni-
um-188 for photothermal treatment and SPECT
imaging in CRC subcutaneous tumor-bearing
mice. The radiation of the subcutaneous tumor
increased in SPECT/CT image after injection of
the micelles 24 h later, achieving a better tumor
and non-tumor contrast (Figure 5A).

Photothermal therapy can be guided by photo-
acoustic imaging (PAl). Tissue produces sound
waves under irradiation because of local heat-
ing and small expansion, and the signal of the
photoacoustic effect is proportional to light
absorption [139]. An interesting report by
Zhang et al. [90] synthesized hybrid anisotropic
nanoparticles (HANs) composed of iron plati-
num alloy nanoparticles and gold nanoparti-
cles. The irradiation absorption ability of the
gold nanoparticles was applicable as a contrast
agent for PAl and as a photothermal conversion
material. Also, the iron platinum alloy nanopar-
ticles have super paramagnetism which is
applicable as an MRI contrast agent [140].
Therefore, HANs can be used to act as a PAI
and an MRI contrast agent, as well as a PTT
photothermal conversion material, to utilize dif-
ferent imaging modes and overcome the disad-
vantages of different imaging modes. The pho-
toacoustic signal and MR signal could be clearly
detected in the tumor site 1 h after injecting
HANs in tumor-bearing mice (Figure 5B).

Traditional chemotherapeutic drugs often ca-
use systemic adverse reactions due to their
poor selectivity [62]. However, combined che-
mo-photothermal therapy is more than just a
simple combination. Here are the advantages:
1) The photothermal conversion materials are
suitable as carriers of chemotherapeutic drugs,
improving the selectivity of the chemothera-
peutic drugs and prolonging their circulation
time in the blood [141]. 2) The thermal effect
produced by photothermal therapy can enhance
the local chemotherapy effect [142] or allow a
temperature-sensitive drug delivery system
[143]. Therefore, combined chemo-PTT will
allow fewer drugs to be used to achieve the
same effect and thus minimize the side effects.

Recently, a publication reported a FITC/cisplat-
in loaded chitosan/gold nanorod hybrid nano-
sphere for combined chemo-PTT (Figure 6A)
[87]. The idea is that the hybrid nanospheres
can provide space for loading of the specific
anticancer drugs, and cisplatin. Traditional can-
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Figure 5. Image-guided photothermal therapy. A. NIR dye IR-780 loaded multifunctional micelles labeled with the
radionuclide rhenium-188 [121]. B. hybrid anisotropic nanoparticles composed of iron platinum alloy nanoparticles
and gold nanoparticles [90].

cer chemotherapy is often limited by multidrug tance membrane transporters can transport
resistance (MDR), because the multidrug resis- multiple drugs out of cells and prevent intracel-
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Figure 6. Combined chemo-photothermal therapy. A. FITC/cisplatin loaded chitosan/gold nanorod hybrid nano-
spheres [87]; B. DOX loaded gold half-shell nanoparticles [89]. C. PCH-DI [120].

lular drug accumulation [144]. However, this
nanosphere technology including DOX loaded
gold half-shell nanoparticles (Figure 6B) is
capable of overcoming MDR by transferring
heat to cancer cells effectively [89]. As a result,
the nanoparticles combined with the chemo-
therapy drugs decreased the growth rate of
tumors in a CRC subcutaneous tumor-bearing
mouse model with a significantly lower DOX
dose compared to conventional chemotherapy
at a higher dose. Another group showed treat-
ment of hyaluronic acid nanoparticles loaded
with DOX and indocyanine green (PCH-DI,
Figure 6C) [120] can result in 82.9% subcuta-
neous tumor inhibition. PCH-DI treatment in the
in-situ induction model resulted in a significant-
ly lower number and volume of tumors com-
pared to those in the chemotherapy alone
group, PTT alone group, or untreated group.

Photosensitizers used in photodynamic therapy
(PDT) transport energy to oxygen molecule to
produce cytotoxic singlet oxygen and subse-
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quently induces cells to produce cytokines
which can destroy tumor cell membranes and
microvessels [145, 146]. Since both PDT and
PTT require light irradiation, combining both
photothermal-photodynamic  therapies  will
form a highly effective cancer irradiation treat-
ment. However, the disadvantages of PDT ther-
apy are that the wavelength of radiation
required for photosensitizer is usually less than
700 nm which is below the NIR range, and that
the synthesis of water-soluble photosensitizers
is difficult due to the hydrophobic structure of
photosensitizers [147]. Therefore, photother-
mal materials are required to serve as carriers
of the photosensitizers for targeted transport
to the tumor regions and to address their limita-
tions in wavelength of light irradiation and
water solubility.

Recently, Seo et al. [85] used gold nanorods
(GNR) combined with methylene blue (MB) as
the photothermal material. Methylene blue is a
water-soluble phenothiazine photosensitizer
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with a high quantum yield of singlet oxygen
[148]. MB-GNR resulted in prolonged NIR irra-
diation time, thus reactive oxygen species
increased significantly compared to the group
with MB without the GNR photothermal materi-
al. Consequently, MB-GNR showed the dual
effects of photodynamic and photothermal
treatment with a significantly better anticancer
effect compared to pure gold nanorod or pure
methylene blue alone.

Besides, Yang et al. [124] synthesized SN-38-
encapsulated nanoporphyrin  micelles (SN-
NPM) which were capable of combining photo-
thermal therapy, photodynamic therapy, and
chemotherapy into one (Figure 7A). SN-38 is an
important and highly effective chemotherapeu-
tic drug for various cancers including colorectal
cancer [149]. Water-soluble nano porphyrin
micelles can be activated to generate heat and
reactive oxygen at the tumor sites under NIR
irradiation. Yang et al. [124] showed the tumor
volume grew significantly slower after SN-NPM
combined therapy in tumor-bearing mice com-
pared to each of the three single therapies.

Furthermore, Cai et al. [125] synthesized dike-
topyrrolopyrrole-triphenylamine organic nano-
particles (DPP-TPA) applicable for PAl combined
with PTT and PDT (Figure 7B). The use of DPP-
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TPA showed a passive targeted effect at the
tumor sites through the enhanced permeability
and retention effects after they were injected
into subcutaneous tumor-bearing mice [150].
In the study, the photoacoustic signal intensity
reached its maximum value in the tumor site 2
hours after injection, suggesting the best wait-
ing time for tumor localization and photother-
mal-photodynamic therapy. Ultimately, the
tumor achieved completed ablation after the
treatment.

Conclusions and perspective

In summary, the traditional treatments of
mCRC, including surgery, chemotherapy, radio-
therapy, and biotherapy, have inevitable limita-
tions. Photothermal therapy provides a new
strategy for the treatment of mCRC. Current
researches of PTT are centered on material
construction and verification on animal models,
focusing on three main themes: low cytotoxici-
ty, high photothermal conversion efficiency,
and high biocompatibility.

The major challenges now remain to solve the
application of photothermal therapy in clinical
medicine. The first is the issue of biological
safety. The photothermal nanomaterials in cur-
rent researches do not cause acute toxicity in
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the short term, but lack of long-term toxicity
evaluation criteria and research reports. The
second is clinical technology issues. Current
researches are limited to the treatment of cell
level and animal tumor models. The corre-
sponding medical equipment and method for
clinical photothermal therapy thus are needed
to investigate due to the limited range of effects
of light irradiation.

Therefore, future studies need to focus on
three aspects. Firstly, the evaluation standard
of the biosafety of photothermal nanomaterials
should be defined. In which the mechanism
and rate of removal of photothermal nanomate-
rials, such as through their own metabolic deg-
radation, photodegradation, or through urine
excretion, need to be explored. Moreover,
researchers should explore the short-term and
long-term toxic and side effects caused by
material deposition in vivo and define the eval-
uation indicators. Finally, the development of
new nanomaterials or optimization of existing
nanomaterials should be devoted to. The exist-
ing nanomaterials are, more or less, defective.
It's of great significance to improve the photo-
stability of gold nanomaterials or improve the
photothermal conversion efficiency of gra-
phene nanomaterials. In another way, we could
develop new nanomaterials that are photosta-
ble and efficient in photothermal conversion.
What’s more, the clinical application of photo-
thermal therapy should be studied. As to mCRC,
it’s critical to explore the application of photo-
thermal therapy for mCRC, such as external
irradiation, natural intracavitary irradiation, or
intraperitoneal irradiation. There is potential for
photothermal therapy to become an ideal
choice in accurate positioning and precise
treatment of metastatic colorectal cancer with
the development of interdisciplinary research.
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