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Abstract

The morbidity and mortality of gastrointestinal tumours remain high world-

wide. Surgical resection is currently the most critical radical therapeutic schedule,
while postoperative complications and sentinel lymph node (SLN) identification

are closely related to the outcome. Indocyanine green (ICG)-mediated fluorescence
imaging is increasingly being used in gastrointestinal surgery. It has been embraced
by various surgical disciplines as a potential method to improve lymph node detec-
tion and enhance surgical field visualization. ICG can passively concentrate in SLN
because of enhanced permeation and retention effects. After excitation by near-infra-
red light devices, SLN can display higher intensity fluorescence, helping visualization
for better lymph node dissection. In addition, visual assessment of intestinal blood
flow through ICG may reduce the incidence of anastomotic leakage. Although it

has good clinical application, ICG-imaging still faces some problems, such as a higher
false-negative rate, poorly targeted biodistribution, and lower fluorescence contrast,
due to the lack of active tumour targeting. Thus, different ICG-coupled nanoparticles
with inherent characteristics or functional modification-enhanced SLN identification
features for gastrointestinal cancers bring benefit through active tumour target-

ing, superior tumour-background ratio, and high resolution. Nano-ICG combined
with potential substances, including enhanced imaging contrast and/or combination
therapy (chemotherapy, targeted therapy, immunotherapy, etc.), have been pack-
aged and accumulated in the tumour area through active targeting for multimodal
imaging and treatment. In this review, we outline the intraoperative application

and possible future nanodirections of ICG in gastrointestinal cancer. The prospects
and challenges of nano-ICG diagnostic and therapeutic methods in clinical applica-
tions are also discussed.
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Introduction
Gastrointestinal cancer has one of the highest incidence and mortality rates worldwide
(Bray et al. 2018). A few early-stage patients have achieved endoscopic radical resec-
tion in recent years, but the majority still require surgery. For progressive gastrointes-
tinal tumours, radical surgery combined with regional lymph node dissection remains
the primary treatment (Adiamah et al. 2019). There are a large number of patients with
advanced gastrointestinal tumours in China, many of whom have lymph node metas-
tases (Wei et al. 2020). The sentinel lymph node (SLN) is acknowledged as the primary
lymph node that drains a tumour, and its detection is frequently employed to identify
cancer metastasis, determine cancer staging, predict prognosis, and select treatment
options (Morita et al. 2007; Lee et al. 2009). Despite the reliance on preoperative imaging
techniques such as computed tomography (CT) and magnetic resonance imaging (MRI)
for SLN identification in clinical practice, the accuracy and sensitivity of these modali-
ties are often inadequate for clinical purposes, and they lack intraoperative immediacy.

The utilization of near-infrared (NIR) fluorescence imaging has emerged as a novel
approach for the real-time monitoring of tissue morphology and metabolism during sur-
gical procedures, exhibiting considerable potential in the identification of crucial ana-
tomical structures and tumour metastasis intraoperatively (Wakabayashi et al. 2022).
Indocyanine green (ICG) is currently the most widely employed NIR photosensitizer in
clinical settings and received approval from the US FDA in 1954 (Bjornsson et al. 1982).
Following intravenous administration, ICG exhibits a high degree of binding (approxi-
mately 98%) to plasma proteins, thereby remaining within the normal vascular structure
and undergoing hepatic metabolism primarily (Keller et al. 2017). In recent times, this
tool has been increasingly adopted by diverse surgical disciplines as a promising means
to augment visualization of the surgical field and aid in the identification of diagnostic
diseases and anatomical structures.

However, poor photostability, short half-life and concentration-dependent aggrega-
tion limit the use of ICG in actual clinical practice. The potential use of novel nano-ICG
materials in the detection of tumour lymph nodes has attracted increasing attention

Page 2 of 22



Sun et al. Cancer Nanotechnology (2024) 15:12 Page 3 of 22

in recent years. Nanomedicine can offer many potential benefits for the diagnosis and
treatment of gastrointestinal tumours. These include imaging and therapeutic advan-
tages, including early detection of gastrointestinal tumours, passive and active focal tar-
geting and improved drug biocompatibility as well as disease treatment and monitoring
(Han et al. 2021; Liu et al. 2019; Zhang and Hao 2021). In recent years, ICG fluorescence
imaging has been investigated in clinical trials, and a substantial number of studies have
moved from nonspecific imaging to tumour marker-specific imaging. Although success-
fully developing safe and effective nanoparticles that can be used for targeted tumour
imaging in vivo is challenging, some research has made progress in this area.

Various ICG-coupled nanoparticles with inherent or functional modification-
enhanced SLN identification features for gastrointestinal cancers bring benefits through
active tumour targeting, superior tumour—background ratio and high resolution. Nano-
ICG combined with potential agents, including enhanced imaging contrast and/or com-
bination therapy, have been packaged and accumulated in the tumour area through
active targeting for multimodal imaging and treatment. With the objective of bringing
more hope to patients in the future, this review is intended to provide an overview of the
intraoperative use of indocyanine green and its derivatives in gastrointestinal cancers
and possible future directions.

Clinical application

ICG-related imaging techniques have important clinical applications in the diagnosis
and treatment of gastrointestinal tumours, showing good promise in assisting tumour
localization, precise tracing of lymph nodes, distinguishing different tissues, and assess-
ing anastomotic blood flow in real time (Wexner et al. 2022; Sherwinter et al. 2022; Ville-
gas-Tovar et al. 2020). Several reviews have already summarized that the use of ICG as a
free guidance tool in gastrointestinal surgery seems very promising (Sposito et al. 2022).
The European Association for Endoscopic Surgery (EAES) has also reached a consen-
sus on ICG fluorescence-guided surgery (Cassinotti et al. 2023). ICG fluorescence would
therefore be beneficial in terms of patient-reported outcomes, detection rate, image
quality, visualizations of perfusion, precision of surgical technique and separation/dis-
crimination between healthy and unhealthy tissue. The use of ICG is thought to improve
the precision of the surgical technique, the identification of blood vessels and the lymph
node detection rate, as well as providing better image quality compared with stand-
ard white light. The application of ICG combined with other tracer methods, such as
nuclear and single-photon emission CT, may provide a more reliable means to improve
the detection rate of positive lymph nodes, thus enabling more personalized and precise
surgical radical procedures for the treatment of gastrointestinal cancers (Xue et al. 2021;
Xu et al. 2020).

Lymph node tracing

Accurate intraoperative localization of lymph nodes and guidance on the extent of
clearance are helpful to detect more lymph nodes, provide more accurate pTNM stag-
ing, and guide patients’ postoperative adjuvant therapy (Xu et al. 2020). Compared
with other dyes, ICG near-infrared light imaging can have better tissue penetration
in visible light and can better identify lymph nodes within hypertrophic fatty tissue,
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Year

Tumour
type

size

Sample Tstage

Tumour
diameter
(mm)

Concentration

(g/L)

Injection
site

Mean
SLN

Sensitivity
(%)

2004
(Nimura
et al. 2004)

2006
(Nagata

et al. 2006)
2007
(Ohdaira

et al. 2007)
2007 (Ishi-
kawa et al.
2007)

2008
(Kusano

et al. 2008)
2008
(Kusano

et al. 2008)
2008 (Noura
et al. 2008)
2008 (Noura
et al. 2008)
2009
(Ohdaira

et al. 2009)
2009
(Tajima

et al. 2009)
2010 (Noura
etal. 2010a)
2010
(Kelder et al.
2010)

2010
(Tajima
etal.2010)
2011 (Hut-
teman et al.
2010)

2011 (Miya-
shiro et al.
2011)

2012

(Hirche et al.

2011)

2012 (Cahill
etal. 2012)

2012 (Yano
etal. 2012)

2013 (Pas
etal. 2013)

2013

(Schaafsma
etal. 2013)
2016 (Tum-

mers et al.
2016)

GC

CRC

GC

GC

CRC

GC

CRC

CRC

GC

GC

CRC

GC

GC

CRC

GC

CRC

CRC

GC

CRC

CRC

GC

84

48

52

26

22

25

25

30

30

25

38

24

26

22

22

T1-T2

T1-T3

T

T1-T2

T1-T3

T1-T3

T2-T3

T2-T3

T1-T2

T1-T3

T1-T3

T1

T1-T2

T1-T4

T1

T1-T4

T1-T3

T1-T2

T2-T3

T1-T4

TI-T4

NA

NA

NA

NA

NA

58

58

426

NA

45

30

338

40

NA

NA

NA

NA

45

37

35

NA

NA

NA

0.5

25

NA

0.031

SS

SS

SS

SS

SM

M

M

M

SS

SS

M

SS

NA

SS/SM

NA

SS

M

SS

SS

M

M

10.5

35

NA

29

26

36

4.8

7.2

79

4.1

NA

35

3.1

100

100

50

333

40

100

100

100

64.7

97

75

NA

100

82

NA

75
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Year Tumour Sample Tstage Tumour Concentration Injection Mean Sensitivity

type size diameter (g/L) site SLN (%)
(mm)

2016 GC 72 T1-T3 276 0.05 SS 6 90.9

(Kinami

etal. 2016)

2016 (Taka-  GC 36 T1-T2 NA 5 SS 9.2 100

hashi et al.

2016)

2016 (Lib- CRC 20 Tis, T1- 39 0.5 SS 7 57

erale etal. T4

2016)

2017 (Wata- CRC 31 NA NA 25 SM NA NA

nabe et al.

2016)

2017 (Taka-  GC 44 T 24.8 5 SS 79 100

hashi et al.

2017)

2017 CRC 29 T1-T4 NA 25 SS 1.8 33

(Andersen

etal. 2017)

2017 (Currie  CRC 30 T1-T4 37 5 SM 3 33

etal. 2017)

2017 (Weix-  CRC 50 T1-T4 NA 0.5 SS 44 64

leretal.

2017)

2018 (Shida  GC 60 T 23 NA SS 5 100

etal. 2018)

2018 GC 17 T1-T2 19.6 NA SS 45 100

(Okubo

etal. 2018)

2019 (Kim  GC 28 T1 16 NA SS NA 100

etal. 2019)

GC gastric cancer, CRC colorectal cancer, SLN sentinel lymph node, NA not available, SM submucosal, SS subserosal

a. Oridinary light

== Sentin¢l node

AN

™~

(SN)

M= Sentirel node (SN)

b. Infrared ray

Fig. 1 As compared with ordinary light, lymphatic vessels and SNs can be easily detected using infrared ray
electronic endoscopy (Miyashiro et al. 2011). Copyright 2018, Springer Nature

making the application of ICG fluorescence imaging in guiding procedures a new

direction to explore (Villegas-Tovar et al. 2020). Table 1 summarizes the literature

that we have retrieved on the use of ICG fluorescence mapping in operations for gas-

tric cancer and colorectal cancer. Figure 1 illustrates ICG-stained lymphadenectomy.
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The rate of lymph node metastasis in early gastric cancer is low (less than 10.6%)
(Shen et al. 2013; Japanese Gastric Cancer Association 2021). In recent years, there
have been several articles demonstrating that the application of ICG can detect more
lymph nodes in patients with gastric cancer at an early stage. In addition to some of
the studies summarized in Table 1, there are several studies of robotic surgery and
ICG combined with other modalities that support this. The combination of ICG and
radioisotope (dual method) by Kitagawa et al. led to a significant improvement in sen-
sitivity and specificity for early gastric cancer lymph node detection (Kitagawa et al.
2005). Kwon et al. demonstrated in a prospective single-arm study of robotic ICG
tracing in early gastric cancer patients that ICG tracing could improve lymph node
retrieval and help complete lymph node dissection (Kwon et al. 2019). Huang and
colleagues meta-analysed 54 studies that met their inclusion criteria and found that
the number of lymph nodes detected was significantly higher with ICG-coupled tech-
niques. Huang and colleagues meta-analysed 54 studies that met their inclusion crite-
ria and found that the number of lymph nodes detected was markedly higher with the
ICG-coupled method for several different dyes (Huang et al. 2021).

In patients with advanced gastric cancer, it is important to increase intraoperative
nodal dissection and positive nodal findings to accurately stage patients and guide sub-
sequent treatment (Smith et al. 2005). Extended lymphadenectomy confers a survival
benefit in terms of both distant disease-free survival (DDFS) and overall survival (OS)
in patients with node-negative gastric cancer (Deng et al. 2017). Evidence suggests that
the use of ICG fluoroscopy allows the operator to effectively dissect more nodes and
effectively reduce the rate of node dissection failure without increasing the operative
time and postoperative complications of laparoscopic radical gastrectomy compared
to conventional visual dissection (Tajima et al. 2010; Hutteman et al. 2010). The results
of another study that included 514 patients showed that the sensitivity of overall visu-
alization of station lymph node metastases was >80% in all patients with stage cT3-4a
(Ankersmit et al. 2019). It was again shown that ICG fluorescence imaging using either
the subserosal or submucosal approach helped to thoroughly dissect potentially meta-
static lymphatic nodes.

Lymph node metastasis is also one of the most important metastatic routes for colo-
rectal cancer. ICG NIR light imaging for radical colorectal cancer tracing lymph nodes
is mostly performed by preoperative colonoscopic injection of ICG into the submucosa
adjacent to the tumour at multiple points (Ankersmit et al. 2019). Compared with the
conventional blue dye method, ICG NIR light imaging has the advantage of being able to
precisely locate the metastatic lymph nodes and the distribution of the anterior lymph
nodes, especially the extraregional lymph nodes, intraoperatively (Currie 2019). Nagata
et al. reported that ICG fluorescent imaging detected up to 97.7% of sentinel nodes dur-
ing colorectal cancer surgery, significantly higher than blue dye, and had a 55.0% sen-
sitivity for diagnosing lymph node metastasis (Schaafsma et al. 2013). However, the
literature also reported a false-negative rate of 46%, which was mainly in patients with
stage T3.

In addition, ICG NIR light imaging has shown initial advantages in the detection of
lateral anterior lymph nodes in rectal cancer. Lateral lymph node metastasis rates for
low and intermediate rectal cancer vary widely, ranging from 8.6 to 49.0% (Yano and
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Moran 2008; Kim et al. 2014). It is currently recommended that lateral lymph node dis-
section or preoperative chemotherapy be used to treat lateral lymph node metastases
from rectal cancer. Unnecessary lateral pelvic lymph node dissection can be avoided if
sentinel lymph node navigation can be used for low rectal cancer (Kim et al. 2014). A
propensity score-matched study by Hiroki Ohya et al. showed that the total number of
lateral pelvic lymph nodes retrieved was significantly higher in the NIR group than in the
non-NIR group. The incidence of postoperative complications was not significantly dif-
ferent between groups (Ohya et al. 2022). Kawahara et al. located sentinel lymph nodes
in the lateral rectal cancer region between the internal iliac vessels and pelvic plexus
nerve and showed that 40 sentinel node-negative patients developed no lateral lymph
node metastases (Kawahara et al. 2007). In a Japanese study, ICG was used for lateral
lymph node dissection in patients with lower rectal cancer. The results showed that lat-
eral sentinel nodes were successfully identified in 23 (92%) of 25 patients, with an aver-
age of 2.1 lateral sentinel nodes per patient (Noura et al. 2010b). ICG tracing is a more
accessible technique that not only avoids the use of radioisotopes, but is also extremely
cost-effective. Although there are few studies on the subject, the ICG method is both
convenient and safe compared to the current lymph node radioisotope tracer method
and holds great promise for the future.

Intraoperative assistance in tumour tracing, localization of surgical margins

and metastases

In early-stage colorectal cancer, it is difficult to locate the tumour directly and accurately
during laparoscopic surgery. It has been reported in the literature that after ICG injec-
tion around the tumour ring 1 day prior to surgery, intraoperative fluorescent margins
were observed to be located approximately 2.5 cm from the tumour border (Miyoshi
et al. 2009; Ushimaru et al. 2019). ICG is a safe and rapidly metabolized drug, and sub-
mucosal injection of ICG does not cause any tissue inflammation (Miyoshi et al. 2009).
Park et al. reported that ICG fluorescence imaging can successfully visualize lymph node
draining after endoscopic treatment with high sensitivity and negative predictive value
(Park et al. 2021). It is now mostly accepted that mucosal injection around the tumour
ring 1 day prior to surgery not only mimics the lymphatic drainage of the tumour but
also functions to mark the location of the tumour.

For patients with intermediate to advanced gastrointestinal tumours, especially those
with liver or peritoneal metastases, complete surgical removal of metastases is an effec-
tive treatment modality (Leporrier et al. 2006). However, the problem of a high rate of
intrahepatic recurrence after resection of liver metastases still exists, probably due to the
inability of current imaging methods to detect micrometastases. A comprehensive liter-
ature has reported the detection of nodules as small as 1 mm in diameter using ICG NIR
imaging, suggesting that ICG NIR imaging may be suitable for the detection of micro-
scopic metastases in the superficial part of the liver (Boogerd et al. 2017). In addition,
this technique may improve the detection of peritoneal metastases in patients with non-
mucinous adenocarcinoma. However, there is a paucity of literature in this area, which
needs to be further confirmed.
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Assist in intraoperative blood flow assessment

In addition to localizing tumours and lymph nodes, ICG-related techniques can also be
used to visualize the blood supply intraoperatively. Anastomotic leakage is a common
and hazardous postoperative complication of gastrointestinal surgery. Adequate tis-
sue perfusion is a major factor in the success of gastrointestinal surgical reanastomosis
(Zehetner et al. 2015). Using laparoscopic near-infrared fluorescence imaging has pro-
vided a new way to accurately assess anastomotic perfusion.

In radical laparoscopic gastric cancer surgery for cancer, the left hepatic collateral
artery or alternative left hepatic artery is frequently encountered, and the decision to
disconnect this vessel can be made by determining whether its blood supply interferes
with hepatic blood flow (Diana et al. 2017). In addition, injury to some major supplying
organs or tissue vessels (e.g., splenic artery trunk, superior splenic pole vessels, etc.) also
requires intraoperative assessment of whether the corresponding organ is affected (Lee
et al. 2021). In these cases, ICG fluorescence imaging can assist the operator in mak-
ing better intraoperative decisions. In the PILLAR II study, 139 eligible colorectal cancer
patients were assessed with fluorescence angiography (Stamos 2015). The results of this
study showed that in the 11 patients who had a change in surgical plan due to intraop-
erative perfusion assessment with ICG NIR, there was a 1.4% incidence of anastomotic
leakage and no anastomotic leaks. These results suggest that in laparoscopic surgery for
colorectal cancer, ICG NIR imaging may reduce the incidence of anastomotic leakage.
The Jafari team’s research came to a similar conclusion (Jafari et al. 2021). Our centre is
currently leading a multicentre, prospective randomized controlled trial in China, and
we look forward to the results of our study as well.

ICG-related derivatives

The simple diffusion of free ICG and attenuation of fluorescence in SLN labelling
requires rapid dissection of the SLN within 30 min. However, this period of time is
not always sufficient for deep lymph node biopsy (Mok et al. 2012). In addition, the
‘enhanced infiltration and retention’ (EPR) effect, where ICG passively exudes into
tumour tissue, can sometimes make it difficult to distinguish between inflammatory and
cancerous tissue. Therefore, there is a need to develop durable ICG-loaded probes for
efficient and long-lasting imaging. The resistance posed by this passive targeting mecha-
nism is expected to be overcome by nano-ICGs that can actively bind.

Drugs already approved for clinical use: pafolacianine (OTL-38)

OTL-38 is a folate indole cyanine green-like conjugate to folate receptor alpha (FRa)
(Hoogstins et al. 2016). Upon excitation, OTL-38 emits light with near-infrared spec-
tral wavelengths, which can be detected from tumour tissue with an appropriate camera
system. In 2016, the results of a study by Hoogstins’ team validated the safety of OTL-38
for use in humans. Since then, several teams have begun phase II and III clinical drug
studies related to OTL-38 (Hoogstins et al. 2016). Several previous studies have demon-
strated overexpression of folate receptor alpha in various tumours, such as ovarian, lung,
breast, and kidney cancers, and clinical studies related to OTL-38 have also been more
frequently performed on these cancers.
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Preliminary evidence suggests that folate receptor-targeted molecular imaging with
OTL-38 is safe, according to a phase I study by Predina et al. (2017). Their data also
suggest that OTL-38 accumulates in known lung cancers and may help to identify syn-
chronous malignancies. In another study by Predina’s team, intraoperative molecu-
lar imaging (IMI) identified 56 out of 59 (94.9%) malignant lung nodules identified by
preoperative imaging. IMI detected a further 9 malignant lesions not detected preop-
eratively (Predina et al. 2018). The sensitivity of IMI and positron emission tomography
(PET) was 95.6% and 73.5%, respectively (P=0.001). Subsequently, similar results were
obtained in the phase 2 clinical trial by Gangadharan et al. (2021). The results from Ran-
dall’s team’s phase II ovarian cancer trial showed that a total of 48.3% (14/29) of patients
had at least one additional lesion detected by OTL-38 alone (Randall et al. 2019). In this
phase II study, these results demonstrate that OTL-38 is safe and effective regardless of
folate expression levels and merits phase III evaluation. In a phase III clinical trial by
Tanyi et al.,, 33.0% of patients who used pafolacianine with NIR imaging had additional
cancers that were found in tissue that was not scheduled for excision and could not be
detected by white light assessment and palpation (Tanyi et al. 2023).

Limited data indicate that FRa is also expressed in more than one-third of gastric
adenocarcinomas (Low and Kularatne 2009). The first application of OTL-38 in gastric
cancer was made by Newton et al. In their study, all four of the patients who underwent
gastric resection had invasive gastric adenocarcinoma; three of them had fluorescent
tumours, with a mean tumour-to-background ratio of 4.1 +2.9. Fluorescence was visible
from the outside of the stomach in each fluorescent tumour. One patient with a non-
fluorescing tumour had a Tla tumour with two 0.4 cm foci within a larger polyp. Two
patients had fluorescent tumours expressing moderate FRa and not expressing CD68.
One of the patients had a fluorescent tumour with a high level of CD68 expression and
no FRa expression (Newton et al. 2021). Their research demonstrated that intraoperative
molecular imaging of gastric adenocarcinoma with OTL-38 is feasible. Perhaps OTL-38
will have more applications in gastric cancer in the future, which needs to be confirmed
by more clinical studies.

Targeted diagnosis and localization
Nanomedicine can offer many potential benefits for the diagnosis and treatment of gas-
trointestinal tumours, mainly including the following advantages: (1) nanoparticles can
be functionalized by biomolecules, enabling them to target tumour tissue and localize to
the target lesion; (2) nanoparticles can often be surface modified, wrapped or formulated
to overcome problems of solubility and stability of common chemotherapeutic drugs; (3)
nanoparticles have novel physical properties, such as near-infrared fluorescence imag-
ing and photoacoustic imaging, which can be used for biological imaging; (4) nanoparti-
cles usually consist of thousands of substances with high surface area and thus can carry
higher therapeutic loads and kill tumour tissues more severely; and (5) nanoparticles can
effectively accumulate at tumour sites through passive or active targeting, thus substan-
tially reducing organ nonspecific toxicity. We summarize the ICG-related derivatives
mentioned in the article in Table 2.

The findings of Tummers et al. offer a promising strategy for achieving early diagno-
sis and complete resection of cancer. His team first detected SLN in cancer patients by
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NIR fluorescence imaging using ICG combined with nanocolloids as a lymphatic tracer
(Tummers et al. 2016). High accuracy was observed in patients with stage T1 and T2 gas-
tric cancer, indicating that this technique can be used to identify tumour-positive lymph
nodes outside of standard anatomical planes. Shao et al. constructed targeted fluoro-
phore delivery micelles DSPE-PEG-RGD@ICG by attaching RGD peptide to DSPE-
PEGMal via a Michael addition reaction and successfully encapsulated ICG (Fig. 2A). As
reported, the RGD peptide is highly sensitive and has affinity for integrin avp3, which
could be substantially targeted to gastric cancer cells. Thus, DSPE-PEG-RGD@ICG was
used for active targeting of gastric cancer and micelles for prolongation of circulation
time in vivo (Shao et al. 2020).

Ren et al. combined optical molecular imaging with the RGD-ICG molecular probe
(RGD-PEG-ss-PCL micelles) to study cancerous peritoneal carcinomas in a mouse
model. These RGD-PEG-ss-PCL micelles were found to have a sensitivity and speci-
ficity of 93.93% and 100%, respectively (Ren et al. 2021). Through their research, Ren
et al. have shown that such micelles can increase the solubility of drugs, improve the
targeting of tumours and reduce systemic toxicity. In addition, their use significantly
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Fig. 2 Nano-ICG for targeted diagnosis and localization. A Schematic illustration of the RGD-modified ICG
micelles for monitoring gastric cancer (Newton et al. 2021). Copyright 2020, Frontiers. B The in vivo and

ex vivo of mice bearing subcutaneous tumours acquired 72 h after injection (Ren et al. 2021). Copyright
2015, John Wiley and Sons. C lllustration of the ICNPs for targeting tumour cells, dual-modal imaging, and
photothermal therapy. Preparation procedure and schematic of ICNPs realizing tumour accumulation,
dual-modal imaging, and effective photothermal therapy after intravenous injection (Kolitz-Domb et al.
2014). Copyright 2016, American Chemical Society. D In vivo multimodality imaging. Photoacoustic,
T2-weighted MRI, and fluorescence images of U87MG tumour-bearing mice after RMDI and MDI injection
(Boonstra et al. 2015). Copyright 2021, American Chemical Society
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improves the combined antitumour effects of stable phase chemotherapy and photo-
thermal therapy in ICG. In addition, a number of carcinoembryonic antigen (CEA)-
targeted fluorescent probes have been preclinically tested in colon cancer models.
Kolitz-Domb et al. reported anti-CEA-conjugated NIR fluorescent nanoparticles called
P(EF-PLLA). The P(EF-PLLA) was suggested to have a significant advantage over colo-
noscopy (Kolitz-Domb et al. 2014). Boonstra’s team reported a CEA-targeted NIR tracer
based on a disulfide-stabilized single-chain antibody fragment called ssSM3E/800CW
to visualize colorectal cancer lesions. As shown in Fig. 2B, the experiment showed that
ssSM3E/800CW could clearly identify tumour tissue after injection. Additionally, histo-
logical assessment using fluorescence microscopy showed a clear correlation between
CEA expression and near-infrared fluorescent signalling (Boonstra et al. 2015).

By modifying the surface of nanoparticles with targeting ligands, nanoparticles with
targeting effects can be obtained, which can solve the problem of the lack of selectivity
of traditional drugs to tumour tissues and realize targeted therapy of tumours. Nano-
particle-based drug delivery systems can increase the aqueous solubility of hydropho-
bic drugs, prolong circulation time, improve drug permeability to tumours and allow
drugs to accumulate in the tumour. They have therefore attracted much attention from
researchers.

Chen et al. reported a cancer cell membrane—cloaked nanoparticle system loaded with
an ICG core and cancer cell membrane shell (ICNPs) (Chen et al. 2016). The preparation
procedure of ICNPs is shown in Fig. 2C. Such ICNPs exhibited specific tumour target-
ing with preferable monodispersity, excellent photothermal response, and satisfactory
fluorescence imaging properties. In addition, tumours could be completely eliminated
after a single dose of laser therapy. A pilot study by HeTing et al. coloaded doxorubicin
(DOX) and ICG for in vivo photoacoustic/magnetic resonance/fluorescence (PA/MR/
FL) trimodal imaging of U87MG tumours (Fig. 2D). Through magnetic and RGD activ-
ity targeting, the prepared nanotherapeutics can preferentially accumulate in U87MG
tumours in vivo. DOX/ICG can be released in a controlled manner, guided by PA/MR/
FL trimodal imaging, stimulated by 808 nm laser irradiation and an acidic tumour
microenvironment. Due to rapid tumour uptake, multimodal imaging guidance and syn-
ergistic photothermal enhanced tumour chemotherapy, RMDI nanotherapeutics com-
pletely ablated U87MG tumours in vivo without any tumour recurrence or biotoxicity
(He et al. 2021).

Photothermal and photodynamic therapy

Photothermal therapy (PTT) and photodynamic therapy (PDT) use materials with high
photothermal conversion efficiency or strong reactive oxygen species (ROS) yield to
achieve therapeutic effects by exposing them to light sources of specific wavelengths and
using their target recognition technology to make the materials phototoxic to specific
cancer cells (Li et al. 2021a; Wang et al. 2018). Mitochondria damage by PDT and PTT
can initiate apoptosis, a death pathway, along with the protective effect or mitophagy.
The efficiency of PTT with nanoparticles as a mitochondrial targeting agent is improved
by increasing the coefficient of light-to-heat conversion, reducing drug resistance, and
overcoming hypoxia(Guo et al. 2021).The possible apoptotic and autophagic responses
have been appraised that incident with photothermal therapy. Investigation of this
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relationship might promote perspectives for the synergic treatment in different types of
breast cancer with significant success (Kadkhoda et al. 2022). In recent years, there has
been increasing interest in using ICG in PDT and PTT due to its strong absorbing band,
which allows deeper tissue penetration and thus causes considerable heating.

Gu et al. loaded BSA-capped gold nanoclusters (AuNCs) and ICG on hybrid nano-
capsules for bimodal imaging and PTT (Fig. 3A). They coupled GD peptides to the sur-
face of hybrid nanocapsules to target cells overexpressing integrin ayp3. It was shown
through animal experiments that the hybrid nanocapsules exhibited low cytotoxicity.
Single- and two-photon fluorescence imaging of tumour cells and subsequent efficient
photothermal ablation can be achieved using such nanocapsules (Gu et al. 2016). Wang
et al. developed a CD44-targeted photoacoustic nanophototherapeutic agent to produce
a therapeutic nanocomplex of ICGHANP/SWCNTs (IHANPT) by coupling ICG with
hyaluronic acid nanoparticles wrapped with single-walled carbon nanotubes (Fig. 3B).
Compared to other phototherapeutic agents, IHANPT enhances tumour targeting
through EPR effects and active CD44 targeting, which allows for effective delivery of
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Fig. 3 A Schematic illustration of the formation of RGD-conjugated AUNC-ICG-mPEG-PLGA nanocapsules

(Li et al. 2021a). Copyright 2016, Royal Society of Chemistry. B Design and intention of the dual targeted
phototherapy agent, ICG-coupled threadlike nanoparticles (IHANPT) (Wang et al. 2018). Copyright 2016,
American Chemical Society. C Schematic illustrating R&HV-Gd@ICG fabrication for NIR-Il image-guided breast
cancer surgery and enhanced RT efficacy (Guo et al. 2021). Copyright 2022, John Wiley and Sons
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phototherapeutic agents at will in the tumour (Wang et al. 2016). Yang et al. developed
a biodegradable cyclic RGD pentapeptide/hollow virus-like gadolinium-based indocya-
nine green (R&HV-Gd@ICG) nanoprobe to improve fluorescence image-guided surgery
and breast cancer radiotherapy efficacy (Fig. 3C). Such nanoparticles exhibit remarkably
improved aqueous stability, tumour retention, and target specificity of ICG and achieve
outstanding magnetic resonance/second near-infrared window multimodal imaging
in vivo. It is worth noting that nanoprobes are biodegradable in vivo and exhibit acceler-
ated body clearance, which is expected to reduce potential long-term inorganic nano-
particle toxicity (Yang et al. 2022).

Combining several advantages of ICG is an even more promising option, not only for
precise targeting and targeted delivery but also for facilitating drug action and combin-
ing to produce better efficacy. A promising reactive oxygen species (ROS)-responsive
RGD-modified nanoparticle that can deliver ICG to cancer was successfully synthesized
in a preclinical trial by Shao’s team (Fig. 4A). The results show that these nanoparticles
have a suitable size, improved water stability and outstanding photothermal conver-
sion efficiency. Near-infrared fluorescence imaging can accurately show the location
and margins of tumours in tumour-bearing mice and induce necrosis and apoptosis of
cancer cells through PTT, which in turn effectively ablates tumours (Shao et al. 2021).
The NIR supramolecular photosensitizer (RuDA) via self-assembly of an organometallic
Ru(I)—arene complex in aqueous solution was reported (Fig. 4B). RuDA can generate
singlet oxygen only in the aggregate state, showing distinct aggregation-induced singlet

% 6 @ rers (@) rorcon () coreste 3 eom
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Fig. 4 A Schematic illustration of CMCh-BAPE-RGD@ICG for NIR imaging and photothermal therapy of
gastric cancer (Kadkhoda et al. 2022). Copyright 2021, Taylor & Francis. B Schematic illustration of RUDA-NPs
for phototherapy (Gu et al. 2016). Copyright 2022, Springer Nature. C Schematic illustration of CSI@Ex-A
preparation and biodegradable CSI@Ex-A for enhanced SDT of glioblastoma (Wang et al. 2018). Copyright
2022, John Wiley and Sons. D Scheme of Cal/ICG@MPs as an efficient drug to regulate CAFs to enhance PTT
efficacy (Yang et al. 2022). (Copyright 2022, Springer Nature)
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oxygen generation behaviour because of the greatly increased singlet—triplet intersystem
crossing process. After 808 nm laser irradiation, RuDA showed excellent photostabil-
ity and displayed efficient singlet oxygen and heat generation in a singlet oxygen quan-
tum vyield of 16.4% together with a high photothermal conversion efficiency of 24.2%. In
addition, RuDA with good biocompatibility can preferably accumulate in the tumour site
and induce significant tumour regression with a 95.2% reduction in tumour volume dur-
ing photodynamic therapy (Xu et al. 2022). Additionally, a biodegradable nanoplatform
is fabricated by encapsulating catalase into silica nanoparticles and then loading with
ICG. This nanoplatform was further coated with AS1411 aptamer-modified macrophage
exosomes to form CSI@ Ex-A, which possesses efficient blood—brain barrier penetra-
tion and good cancer cell-targeting capability (Fig. 4C). Glutathione depletion and oxy-
gen self-supply effectively enhance sonodynamic therapy efficiency both in vitro and
in vivo (Wu et al. 2022). Tumour cell-derived microparticles co-delivering calcipotriol
and indocyanine green (Cal/ICG@MPs) were also developed to modulate cancer-asso-
ciated fibroblasts for improved PTT efficacy (Fig. 4D). The Cal/ICG@MP-triggered can-
cer-associated fibroblast regulation enhances tumour infiltration of CD8+ T cells and
ameliorates cancer-associated fibroblast-induced antigen-mediated activation-induced
cell death of tumour-specific CD8+ T cells in response to PTT (Li et al. 2022). Addition-
ally, supramolecular nanofibrils fabricated through coassembly of clinically approved
immunomodulatory thymopentin and ICG NIR were reported to localize photothermal
immunotherapy of pancreatic tumours (Li et al. 2021b).

Summary and outlook

ICG has been widely used in surgery for gastrointestinal tumours as a safer dye. ICG-
related NIR imaging has important clinical applications in the diagnosis and treatment
of gastrointestinal tumours. Its use in evaluating anastomosis perfusion during colorec-
tal resection has shown promising prospects in predicting and preventing anastomotic
leakage. ICG-imaging has been widely studied in past years and has demonstrated safety
and feasibility in gastric cancer resection not only for guiding limited surgery in early
cancer, but also for precise lymph node resection in radical resection. Additionally, the
application of ICG combined with other tracer methods, such as nanocarbon, may pro-
vide a more reliable means to improve the detection rate of positive lymph nodes, thus
enabling more personalized and precise surgical radical procedures for the treatment
of gastrointestinal cancers. However, the EPR effect, where ICG passively exudes into
tumour tissue, can sometimes make it difficult to distinguish between inflammatory and
cancerous tissue. Therefore, the resistance posed by this passive targeting mechanism is
expected to be overcome by nano-ICGs that can actively bind.

In recent years, with the development of nanotechnology, nanomedicines have been
increasingly widely used in the medical field, and research related to some derivative
nanoparticles of ICG has emerged, with excellent performance in tumour imaging and
treatment. As shown in Fig. 5, ICG combined with potential substances, including
enhanced imaging contrast (CT, MR, PET, etc.) and/or combination therapy (chemo-
therapy, targeted therapy, immunotherapy, etc.), have been packaged into nanoparti-
cles for further surface modification. After intravenous injection, such nanoplatforms
accumulate in the tumour area through active targeting for multimodal imaging (NIR,
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Fig. 5 Design and function of ICG-coupled nanoparticles. ICG and combined substance were packaged into
nanoparticles for further surface modification. After intravenous injection, such nanoplatform accumulated in
tumour area through active targeting for multimodal imaging and treatment

CT, MRI, etc.) and treatment (PDT, PTT, combined chemotherapy, etc.). Although
there is an increasing number of studies on ICG, most of them are preclinical stud-
ies. Due to the limitations of internal metabolism, nanoparticle characteristics, and
the highly heterogeneous nature of tumours, the biological distribution and targeting
ability of nanoparticles may vary in clinical practice. The multifunctional nano-ICGs
are endowed with additional expectations, such as targeted multimode therapy and
enhanced contrast. However, additional functionality leads to additional synthesis
steps and costs. In addition, more complex in-body behaviours and effects and greater
dysregulation are involved.

Nanoparticles can be efficiently accumulated at the tumour site by passive or active
targeting, greatly reducing nonspecific organ toxicity. Nanoparticles conjugated with
ICG possess novel physical properties of ICG, such as near-infrared fluorescence
imaging and photoacoustic imaging and can be used for bioimaging to target tumour
tissue and localize to the target lesion. Typically, such nanoparticles are composed
of multiple ICGs, which can also be linked by other biomolecules. When conjugated
with chemotherapeutic agents, they not only overcome the solubility and stability
problems of conventional chemotherapeutic agents, but also exploit the high specific
surface area of the nanoparticles to carry a greater therapeutic load, thereby achiev-
ing greater lethality against tumour tissue.

Nanoparticle-targeted PTT can effectively ablate tumours by inducing necro-
sis and apoptosis in cancer cells. PTT works by using photothermal agents, which
absorb light energy and convert it to heat energy when exposed to light. When PTT
is applied, tumour cells undergo phenomena such as enzyme release and cytolysis,
leading to cellular necrosis, initiation of protein denaturation and subsequent trig-
gering of cancer cell death (Li et al. 2021a; Wang et al. 2018). ICG is also a photo-
sensitizer with excellent photothermal conversion efficiency when exposed to a single
wavelength of near-infrared light (Guo et al. 2021; Kadkhoda et al. 2022). Due to
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the relative transparency of tissues under NIR illumination, ICG has several distinct
advantages, including minimal interference from background fluorescence, deeper
tissue penetration and real-time monitoring during the procedure. These attractive
features suggest that ICG may be a promising dye for tumour imaging and PTT.

In conclusion, nanobased ICG is a promising strategy for the early diagnosis and
image-oriented treatment of cancer. A range of materials with different imaging and
therapeutic capabilities have been incorporated into the design and synthesis of nan-
oparticles with encouraging results. There is still a long way to go from preclinical
research to clinical trials because of some hurdles. OTL-38 is currently available for
clinical application, and while it was shown that FR alpha is expressed in more than one-
third of gastrointestinal tumours, and the ratio of high cost to unsatisfactory efficacy
needs to be further investigated (Low and Kularatne 2009). Heterogeneity in tumour
cells and immune contexture among patients and even within individual tumours are the
leading causes of inconsistent clinical response to these products. Therefore, it is cru-
cial to improve sensitivity and specificity in the development of ICG nanoparticles cou-
pled to other antigens expressed in gastrointestinal cancers (Aghanejad et al. 2022). In
addition, with the increasing availability of nanomaterials, it should be possible to select
individualized tumour-specific reagents based on antigen expression determined by pre-
operative biopsy. However, the many advantages and the encouraging research results to
date lead us to believe that ICG-coupled nanomaterials will have major applications in
gastrointestinal tumours in the future, bringing benefits to a wide range of patients.

Abbreviations

SLN Sentinel lymph node

ICG Indocyanine green

cT Computed tomography

MRI Magnetic resonance imaging

NIR Near-infrared

DDFS Disease-free survival

[N Overall survival

EPR Enhanced infiltration and retention
Fra Folate receptor alpha

IMI Intraoperative molecular imaging
PET Positron emission tomography
CEA Carcinoembryonic antigen

DOX Doxorubicin

PA/MR/FL  Photoacoustic/magnetic resonance/fluorescence
PTT Photothermal therapy

PDT Photodynamic therapy

ROS Reactive oxygen species
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