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Abstract

Indocyanine green (ICG) is a near-infrared dye that has been used in the clinic for retinal
angiography, and defining cardiovascular and liver function for over 50 years. Recently, there has
been an increasing interest in the incorporation of ICG into nanoparticles (NPs) for cancer
theranostic applications. Various types of |ICG-incorporated NPs have been developed and
strategically functionalised to embrace multiple imaging and therapeutic techniques for cancer
diagnosis and treatment. This review systematically summaries the biodistribution of various types
of ICG-incorporated NPs for the first time, and discusses the principles, opportunities, limitations,
and application of ICG-incorporated NPs for cancer theranostics. We believe that
ICG-incorporated NPs would be a promising multifunctional theranostic platform in oncology and

facilitate significant advancements in this research-active area.

Introduction

Theranostics is a novel strategy with significant
clinical potential that combines diagnostics and
therapeutics to improve patient outcomes and safety
through a more personalized approach [1, 2].
Biocompatible functional nanoparticles (NPs) provide
a platform for simultaneous multimodal imaging-
guided cancer therapy [3]. These NPs can incorporate
chemo-, radio- or gene therapeutics and imaging
probes, with appropriate intrinsic physicochemical
properties, allowing early diagnosis and evaluation of
treatment efficacy of cancer [2]. At present, various
NPs such as magnetic NPs, quantum dots, and silica
NPs are in development as theranostic agents for
cancer. A number of NP therapeutics, imaging agents,
and technologies have been approved for clinical use,
with a large number in pre-clinical studies for both

imaging and therapy [4].

Indocyanine green (ICG) is an amphiphilic
cyanine dye that was approved by the Food and Drug
Administration (FDA) in 1954 for clinical applications
[5], such as evaluation of cardiac output and hepatic
function in patients. In the 1970s, protein-bound ICG
was found to have strong absorption in the
near-infrared (NIR) spectra, making it suitable for
bio-imaging applications with high signal-to-
background ratio due to low absorption of NIR
spectra by biological tissues [6, 7]. In addition, ICG
can be used as a photosensitiser to generate reactive
oxygen species (ROS), such as singlet oxygen and
superoxide to damage cancer cells by light
illumination [8]. The absorbed light can also heat the
cellular microenvironment, generating localised
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hyperthermia and thereby destroying cancer cells [9].
Hence, ICG has been considered as a promising
theranostic agent. However, ICG has some limitations
including concentration-dependent aggregation, short
half-life, poor photostability, poor hydrolytic stability,
non-specific binding to proteins, and non-specific
targeting [9], restricting its further theranostic
application in cancer treatment. Incorporating ICG
into NP platforms is a promising way to overcome
these limitations. Although some theranostic
nanomaterials have been proposed and developed,
there are only scattered reports on the detailed
applications and limitations of these nanomaterials in
cancer theranostics. The scope of this comprehensive
review is to first systematically summarise the
properties and biodistribution of various types of ICG
NPs, and discuss the principles, opportunities,
limitations, and application of ICG NPs for cancer
imaging and treatment.

In vivo biodistribution of ICG NPs

ICG can be loaded, doped, or conjugated to the
most relevant NP structure such as lipid-based NPs,
polymer-based NPs, magnetic NPs, and mesoporous
silica NPs [10-20]. These can all be further
functionalised with a targeting moiety, therapeutic,
and contrast agent. Figure 1 shows a schematic
illustration of three typical types of ICG NPs. Since
NPs have been extensively studied as ICG theranostic
carriers, Table 1 summarises recent studies and the
types and physicochemical properties of ICG-incorp-
orated NPs, their ICG loading efficiency (LE) or
encapsulation efficiency (EE), and in wivo
biodistribution. The physicochemical properties of
these ICG NPs in general are 10-200 nm in size, and
are mostly injected intravenously in rodent models.
The biodistribution of these ICG NPs are variable and
dependent on physicochemical properties of the
nanoplatform such as size, charge, and surface
coating.

Lipid-based ICG NPs

Lipid-based NPs have been developed as drug
carriers for cancer therapy. Although most NPs are
used in pre-clinical models, some have entered
human use, with the first class being liposomes as
drug delivery carriers. Liposomes are closed spherical
vesicles composed of a lipid bilayer made of either
synthetic or natural phospholipids with diameters of
about 100 nm [21]. Liposomes are widely used as
delivery carriers due to their unique ability to
encapsulate both therapeutic and diagnostic agents,
which can protect the inside agents from in vivo
environments, be functionalised with targeting
ligands for tumor-specific delivery, and prolong

circulation time in the body [21]. Liposomal ICG can
be engineered on molecular self-assembly principles
and be made entirely of clinically-approved
components [15]. The biodistribution of these
clinically used PEGylated liposomes incorporating
ICG was investigated by NIR fluorescence and
multi-spectral optoacoustic tomography (MSOT) [15].
Compared to free ICG, liposome-ICG showed higher
optical stability in vivo. At 24 h post-injection, strong
fluorescence signals in the liver indicated that
liposome-ICG mainly localised within that site. Clear
optoacoustic signals were also seen in the liver by
MSOT imaging, consistent with NIR imaging.
Furthermore, MSOT revealed that liposome-ICG
would transiently pass through the spleen, while no
significant signals were detected in the kidneys [15].
Since drug EE is an important parameter for clinical
application, the EE of ICG encapsulated into
liposomes was measured in this study, which was
36%-46% according to the different concentrations of
ICG [15].

Lipid NPs appear as nanocarriers for drug
delivery, and are composed of bioassimilable
ingredients with low toxicity. The particle size can be
tailed according to the formulation composition,
especially for lipid to surfactant ratio [13]. Given that
ICG is an amphiphilic dye, it can be loaded both
inside the lipid core and at the interface of lipid NPs.
The pharmacologic and toxicological characteristics of
ICG-loaded lipid NPs have been intensively
investigated in Beagle dogs [12]. After systematic
administration, plasma fluorescence continuously
decreased, whereas fluorescence signals mainly
occurred in the liver and to a lesser extent in the
steroid-rich organs such as adrenal and ovaries,
intestines, kidneys, and lymph nodes. No evidence of
acute or delayed, hepatic, renal or hematological
toxicity was observed at 1-, 5-, or 10-fold adapted
doses [12]. In addition to systemic administration, ~50
nm [CG-loaded lipid NPs were found to be mostly
accumulated in lymph nodes within 4 h after
intradermal injection [11]. Furthermore, Mérian et al.
demonstrated a different organ distribution profile for
ICG-lipid NPs-#C after intravenous injection using
fluorescence imaging and quantitative radioactivity
[13]. ICG fluorescence was found to accumulate in
liver, guts, and kidneys while radiotracer
cholesteryl-1-“C-oleate ([*C]JCHO) was retained in
the liver, ovaries, and adrenals. Based on ICG
fluorescence signals, ICG lipid NPs had the same
distribution pattern as free ICG, indicating a total and
immediate leakage of ICG after systemic injection,
although the EE of ICG in NPs was 75%. In vitro
experiments showed ICG leakage was strongly

http://lwww.thno.org



Theranostics 2018, Vol. 8, Issue 5

1229

affected by the presence of bovine serum albumin
(BSA) and high affinity of ICG to plasma proteins [13].
Therefore, concerning the further application of ICG

NPs, strategies based on ICG-loaded nanocarriers

Absarption into
mesoporous silica NPs

Electrostatic interaction

Figure 1. Schematic illustration of three types of ICG NPs.

Saae
Loading into lipid- and
polymer- based NPs

have to overcome the high affinity of the dye for
plasma proteins, leakage of ICG, and destabilization
of nanosystems.

Table 1. In vivo biodistribution of ICG NPs

NP Type Size Surface ICG LE or Animal Administration Observation Fate of ICG-NPs Detection Ref
coating/ligand  EE (%) model routes time (h) methods
Lipid-based ~50nm  PEG-stearate LE77 Nude mice  Intradermally Upto120  Lymph nodes, liver Multichannel  [11]
NPs diameter co-surfactants injected into fluorescence
paws imaging
~50nm  PEG - Beagle dogs  Intravenously 24 and 72 Mainly distributed in the liver NIR imaging. [12]
injected through and less in the steroid-rich
the cephalic vein. organs, intestines, lymph
nodes, and kidneys
50 nm Polymer coating EE74+5 FVBfemale Tail vein injection Up to 24 Accumulated in liver, guts, Fluorescence  [13]
diameter mice and kidneys.
Radiotracer was retained in ~ Radioactivity
liver, ovaries and adrenals.
100-150n  PEGylated EE36-45 CD-lalbino Tail veininjection 0.083,1,5,  Strong signal in liver. NIR imaging  [15]
m female mice and 24
0.083,4and Clear signal in liver; MSOT
24 transiently passed through the
spleen; no signal from kidneys.
Polymer-based 90+12  dextran (40 kDa) EE61+3 Swiss webster Intravenous Uptol Accumulated in Fluorescence  [10]
NPs 465+156 dextran (40 kDa) EE56+3 mice injection reticuloendothelial system; quantity
97413  Fe304 NPs EE 60 +2 capsule’s coating influences
biodistribution
39, 68, PEG EE 28-40 Female Tail vein injection 24 Distributed in liver, spleen, Fluorescence  [14]
and 116 LE~6.7 BALB/cnude Lung, and kidneys; 68 nm NPs imaging
nm mice showed the most retention in
tumor.
~77nm  PEG (5 kDa) - Female Swiss Tail vein injection Up to 1 Prolong the circulation time of Fluorescence [16]
Webster mice ICG; delayed its hepatic imaging.
accumulation.
Mesoporous  50-100 TA - Male Sprague Intravenous 6 Mainly distributed to the liver Optical [17]
silica NPs nm Dawley rats  injection and were taken up by the imaging,
Kupffer cells. ICP-MS, and
TEM
50-100 TA - Male nude  Tail vein 3 Positively charged NPs were ~ NIR imaging  [18]
nm mice or injection. quickly excreted from the liver
Sprague into the GI tract, while
Dawley rats negative ones remained within
the liver.
Iron oxide NPs ~25nm  Milk protein - Nude mice  Oral 3,57 Distributed from stomach to  NIR optical [19]
casein administration ileum and further spread in ~ imaging/ MRI
intestines; NPs sustained in
acidic gastric conditions.
Calcium ~80nm  PEI LE 90 Swiss albino  Tail vein injection 0.083 to 48  Accumulated in the liverand NIR imaging, [20]
phosphate NPs mice retention was reduced with nuclear
PEGylation. contrast
imaging, and
magnetic
imaging

Gl tract: gastrointestinal tract; MSOT: multi-spectral optoacoustic tomography; MRI: magnetic Resonance Imaging; PEG: polyethylene glycol; TA: trimethylammonium; NIR:
near-infrared; PEI: polyethyleneimine; EE: encapsulation efficiency; LE: loading efficiency.
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Polymer-based ICG NPs

Polymeric NPs are a class of nanocarriers
established for numerous drug delivery applications,
and can be formulated by conjugating multiple
functional units to soluble macromolecules or by
co-polymer self-assembly [21]. Poly (lactic-co-glycolic
acid) (PLGA) carriers approved by FDA are one of the
most common biodegradable and biocompatible
systems to load ICG for theranostic application. To
explore size effects on the biodistribution and tumor
accumulation of ICG polymeric NPs, Zhao et al
developed ICG loaded PLGA-lecithin-polyethylene
glycol (PEG) core-shell NPs of 39 nm, 68 nm, or 116
nm in size via single-step nanoprecipitation [14]. After
intravenous injection into pancreatic carcinoma
xenograft mice, free ICG was quickly excreted and
cleared from the living system, while all three types of
NPs were retained within the living body for a long
time, as detected by fluorescence imaging. ICG PLGA
NPs of different sizes showed similar biodistribution
patterns, where the liver, spleen, lung, and kidneys
were the major organs [14]. These findings further
revealed a size-dependent tumor accumulation of ICG
PLGA NPs, where the 68 nm particles had efficient
retention in tumors since they could easily pass
through the vessel pores (~110 nm), and had slower
clearance than the 39 nm ones. Another study
investigated the influence of surface coating and size
on the biodistribution of mesocapsules containing
ICG in vivo [10]. Unlike polymeric NPs, which are
composed of a solid colloidal polymer matrix with
molecules or drugs are embed throughout the
particles, the ICG within mesocapsules remain
confined primarily to the polymer-salt aggregate core
by electrostatic attraction. These mesocapsules can be
coated with either a porous shell of NPs or a
continuous film of polymer. In addition, neither the
coating material of the capsules nor their size
appeared to influence ICG EE in mesocapsules. In this
study, ICG was administered intravenously to mice as
a free solution or encapsulated within mesocapsules
coated either with dextran of 100 nm or 500 nm
diameter or ferromagnetic iron oxide NPs of 100 nm
diameter. At 10 min following injection, free ICG was
transported to the bile ducts while mesocapsule-ICG
was retained in the liver up to 60 min post-injection.
Mesocapsule-ICG was more likely to accumulate in
the reticuloendothelial system as compared to free
ICG. Interestingly, iron oxide NP-coated
mesocapsule-ICG (100nm) had a greater distribution
in the lung than either the 100 nm or 500 nm dextran
mesocapsule-ICG [10]. Their results suggest that the
uptake of particulate matter is more dependent on the
surface coating than the size of the particles.

Mesoporous silica ICG NPs

Mesoporous silica NPs (MSNs) with high
surface area and pore volume have considerable
biocompatibility and can easily be functionalised for a
broad spectrum of biomedical applications [22]. Lee et
al. were the first to synthesise MSNs functionalized
with ICG to demonstrate their applicability for in vivo
optical imaging [17]. The high dispersion of ICG
molecules in the large surface areas of MSN could
prevent them from aggregating and decrease
fluorescence  self-quenching.  Additionally, the
nanochannels of MSN have a confined space that can
protect ICG from irreversible degradation and
diminish the immune response [17]. In this study,
they encapsulated ICG inside the nanochannels of
MSN then probed the biodistribution of MSN in rats
after intravenous administration. Strong and stable
fluorescence of MSN-ICG was prominent in the liver
as assessed by their in-house-built optical imaging
system. More than 35% of silicon was revealed in the
liver by ICP-MS analysis, which confirmed the
findings from fluorescence imaging. MSN were
further observed to be taken up by Kupffer cells in the
reticuloendothelial system of the liver 3 h after
injection by transmission electronic microscopy
(TEM). In particular, MSN were found concentrated
in the intracellular vesicles of Kupffer cells [17]. They
performed a further study to determine if the surface
charge of MSN-ICG played an important role in its
biodistribution, clearance, and excretion [18].
MCM-41 mesoporous silica was selected to
incorporate ICG due to its large surface area (~1000
m?/g), large pore volume (~1.0 cm3/g), and highly
ordered hexagonal pore structure with adjustable
pore size (1.5-30 nm) [18]. Positively charged
MSN-ICG particles and negatively charged ones were
synthesized and intravenously injected into nude
mice. In wvivo biodistribution imaging showed
positively charged MSN-ICG were quickly excreted
from the liver into the gastrointestinal tract (GI) tract,
while negative ones remained in the liver. A similar
distribution pattern was also found in Sprague
Dawley rats, indicating that hepatobiliary transport of
MSN-ICG NPs is particle- rather than animal-
dependent. Taken together, excretion and clearance of
MSN-ICG NPs can be regulated by the surface charge
of particles, and positive ICG NPs are more easily be
eliminated from the body compared to negative ones.

Other ICG NPs

Iron oxide NPs with appropriate surface
chemistry have been widely used for numerous in vivo
applications such as magnetic resonance imaging
(MRI), tissue repair, drug delivery, and detoxification
of biological fluids [23]. Huang et al. developed a
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novel drug delivery system composed of
layer-by-layer (LBL) milk protein casein-coated iron
oxide NPs [19]. ICG was selected as a model
fluorescent molecule to be incorporated into the inner
polymeric layer and subsequently coated with casein.
The casein-coated iron oxide NPs were stable in the
acidic gastric condition in the presence of gastric
protease. LBL nanocarriers containing ICG were
orally delivered to mice and in vivo imaging revealed
this nanocarrier system could pass the stomach
without significant degradation and accumulate in
the small intestine. Therefore, ICG contained LBL
milk protein casein-coated iron oxide NP is a
promising nanoplatform for oral drug delivery,
especially for drugs that are insoluble in water or
degradable in the gastric environment. ICG offers NIR
contrast capability for in vivo imaging guided drug
delivery.

Calcium phosphate is the mineral component of
human bones and teeth, and has been clinically
applied for bone tissue regeneration [20]. Recently,
calcium phosphate NPs have been developed for
diagnostic, drug, gene or siRNA delivery systems
with the advantage of having non-toxic components
[20]. It has been reported that calcium phosphosilicate
NPs have improved ICG loading efficiency and
quantum yield compared to polymeric NPs [24]. In
one study, calcium phosphate NPs were doped with
both ICG and gadolinium (Gd?®*), and labelled with
99m-technetium-methylene  diphosphonate  for
combined optical, magnetic, and nuclear imaging [20].
The leaching-out of ICG was protected by a coating of
polyethyleneimine (PEI). Similar to previous findings,
free ICG were almost completely cleared from the
body within a short time after intravenous injection,
while ICG NPs were distributed in various organs
such as the liver with relatively higher signals by NIR
imaging. It is noted that retention of ICG-NPs in the
liver was reduced with PEGylation and clearance was
observed within 48 h without causing any major
histopathological changes in key organs [20].

Overall, lipid- and polymer- based NPs are
widely used as carriers to load ICG, with
functionalised modifications for specific organ or
tumor targeting. ICG LE or EE has been measured for
lipid- and polymer- based NPs but not all types of
NPs. Administration routes and physiochemical
properties of NPs are key factors affecting ICG NP
biodistribution, with surface coating playing a more
important role than size. By manipulating synthetic
parameters, the distribution of ICG NPs may
potentially be controlled. It should be noted that
strategies based on ICG-loaded NPs have to overcome
the issue of ICG leakage in the living system by
additional surface coating. Among ICG-loaded NP

carriers, biodegradable and biocompatible carriers
such as PLGA and liposomes are the most common
systems for potential clinical application.

ICG NPs in cancer and lymph node
imaging

Imaging modalities play an important role in
cancer screening, diagnosis, treatment planning, and
monitoring of treatment response. Near-infrared
fluorescence  (NIRF) imaging has numerous
favourable characteristics including in vivo deep tissue
penetration, high sensitivity, high resolution and
multi-detection capability [25]. Another emerging
noninvasive technique for in vivo deep tissue imaging
is photoacoustic (PA) imaging. This type of imaging
involves detection of acoustic waves generated from
thermal expansion of endogenous contrast agents
(e.g., haemoglobin, melanin) or exogenous contrast
agents such as various dyes and NPs [26, 27]
following absorption of low-energy nanosecond laser
pulses. Since NIRF and PA signals can be generated
from use of a NIR laser source (700-900 nm), they
share some common exogenous contrast agents
including NPs and fluorescent dyes such as ICG.
There are some essential elements to NIRF in clinical
imaging settings including excitation light produced
by lasers for deep tissue penetration, safety of
imaging agents for use in humans, selective targeting
of disease markers, optical lenses and filters required
to block the scattered excitation light emanating from
the tissue, and sensitive charge coupled devices used
for efficient collection of fluorescence [28]. Most
human NIRF imaging studies employ ICG as imaging
contrast within the blood and vasculature, which can
be used to assess vascular repair intraoperatively [28].
For cancer imaging, ICG has been used for sentinel
lymph node (SLN) mapping and identification of
solid tumor margins during surgery [29-31]. SLNs are
the initial draining lymph nodes of tumors. Therefore,
SLN mapping is often used in an effort to detect
cancer metastasis and is requisite for cancer staging,
prognosis prediction and therapy selection. Success in
SLN mapping with ICG has been demonstrated in
gynaecological (e.g. cervical, vulvar, endometrial),
skin, and gastric cancers [30, 32, 33]. Using ICG to
identify solid tumor margins in humans has shown
some preliminary success in liver metastasis,
hepatocellular carcinoma, and lung and chest tumors
[34, 35]. However, a limitation is the difficulty in
distinguishing inflamed tissue from cancerous tissue.
In addition, ICG extravasates passively into tumor
tissues due to the “enhanced permeability and
retention” (EPR) effect. This passive targeting
mechanism might not be ideal for specific detection of
tumor margins as the signals might be non-specific.
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The use of ICG for tumor imaging is limited by
several inherent properties of ICG, although some of
them could be overcome by conjugation of ICG to
NPs. For example, ICG has a low fluorescence
quantum vyield in aqueous solution due to
self-quenching [36] and is quickly eliminated from the
body through the liver after intravenous administ-
ration [37]. A potential approach to overcome these
disadvantages of ICG imaging is to deliver ICG with
NP systems to enhance ICG stability and circulation
time and to facilitate ICG tumor accumulation. Table 2
summarises reported types of ICG NPs with their in
vivo application for tumor and lymph node imaging.

ICG NPs for NIRF imaging

For NIRF imaging, ICG is typically embedded
into nanomaterials composed of polymer and
inorganic matrices through non-covalent or covalent
combination with a core-shell architecture. As
mentioned above, these ICG NPs show enhanced
photostability, =~ biocompatibility = and  tumor
accumulation, low self-aggregation, and usually
brighter fluorescence signal compared to free ICG dye
due to the protective architecture. Different
preparation strategies have been employed in recent
years to obtain functional ICG-NPs with different
properties. A recent study by Song et al. reported the
design and development of ICG loaded small-sized
magnetic carbon NPs (MCNPs) for NIRF/MRI
dual-modal imaging and photothermal therapy of
breast cancer [38]. MCNPs were generated by
growing iron oxide NPs in situ on carbon NPs by
oxidation of activated carbon. ICG was then loaded
onto MCNPs via physisorption, leading to increased
photostability and enhanced photothermal effect. In
vivo NIRF imaging monitored the accumulation of
these ICG-loaded MCNPs in the tumor and organs of
tumor-bearing mice in real-time, and demonstrated
efficient accumulation and long retention of these NPs
in the tumor due to the EPR effect and small NP size.
Improved fluorescence properties were observed for

Table 2. ICG NPs for cancer and lymph node imaging

ICG-encapsulating calcium phosphate NPs as well
[24]. Encapsulation did not affect the maximum
fluorescence peak but significantly enhanced emission
intensity relative to the free ICG at elevated
concentrations. The PEGylated calcium phosphate NP
encapsulation  also  demonstrated  prolonged
circulation times with passive tumor accumulation
through the EPR effect in an in vivo breast cancer
xenograft model [24]. This type of NPs is
biocompatible and colloidally stable in physiological
solutions. With improved fluorescence, it might be
suitable for sensitive, early stage diagnostic imaging
of tumors. In another study, ICG was embedded in
calcium phosphosilicate  NPs composed of an
amorphous calcium phosphate matrix doped with
silicate [39]. These NPs were further bioconjugated
with anti-transferrin receptor antibody to target
transferrin receptors, which are highly expressed on
breast cancer cells, or with short gastrin peptides to
target gastrin receptors, which are overexpressed in
pancreatic cancer lesions [39]. In vivo NIRF imaging
demonstrated selective and effective targeting of these
NPs in a model of breast cancer and pancreatic cancer
with a potential for targeting across the blood brain
barrier [39]. ICG has been loaded together with
technetium-99m into polyamidoamine-based
functionnalized silica NPs for depicting deeply
situated sentinel nodes [40] and imaging of
HER2-expressing breast cancer [41] using NIRF
imaging combined with radionuclide imaging. This
dual-modality imaging system allowed deep tissue
imaging and simultaneous visualization at anatomy
resolution within the region of interest. Highly loaded
ICG MSNs were used for accurate tumor border
delineation and sensitive detection of tumor residuals
during liver cancer surgery, which was attributed to
the high ICG-loading resulting in high contrast
between tumor and normal tissues under NIRF
imaging [42].

Imaging NP Type Size Surface coating/ligand Tumor/lymph node Species Administration Ref
technique Routes
Near-infrared Magnetic carbon ~10 nm BSA Breast tumor Balb/c nude mice Tail vein injection [38]
fluorescent  Calcium phosphate 16 nm PEGamine Breast tumor Nude mice Tail vein injection [24]
imaging Calcium ~20 nm Pentagastrin-avidin Pancreatic tumor Athymicnude  Tail vein injection [39]
phosphosilicate Holotransferrin-avidin Breast tumor mice
Silica 30-50 mm  9mTc Sentinel lymph node Wistar rats Tongue [40]
Silica 60-80nm PAMAM Breast tumor Athymic nude Tail vein injection [41]
mice
Mesoporous silica <100 nm Arginine-glycine-aspartic acid Liver tumor Balb/c nu/nu Tail vein injection [42]
mice
Micelles 20-30nm  Pluronic F-127 Colon tumor Balb/c mice Tail vein injection [43]
DSPE-PEG 20-40nm  FA Breast tumor Balb/c nude mice Tail vein injection [45]
PLGA-lipid ~1024nm FA Breast tumor Balb/c nude mice Tail vein injection [91]
Lactosome 40-50nm  PS-PLLA Lymph node Balb/c nude mice Tail vein injection [47]
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Imaging NP Type Size Surface coating/ligand Tumor/lymph node Species Administration Ref
technique Routes

metastases of gastric
cancer
HA-derived 80-260 nm  Aminopropyl-1-pyrenebutanamide; Breast tumor Athymic nude Tail vein injection [46]
aminopropyl-5p-cholanamide; mice
octadecylamine
Nanogel 188 nm HA Breast tumor Nude mice Intravenous injection [44]
Sentinel lymph Intradermal injection
nodes
Liposome 191 nm DSPE Brain tumor Fisher 344 rats Tail vein injection [48]
Photoacoustic SWNT 1-2 nm Cyclic RGD peptides Brain tumor Nude mice Tail vein injection [55]
imaging diameter
and 50-300
nm length
SPIO 28 nm DSPE-PEG2000 Breast tumor Balb/c mice Intravenous injection [56]
PLGA-lipid 118.7nm FA Breast tumor Balb/c nude mice Tail vein injection [25]
Liposomes 120-130 nm PEG Colon tumor CD-1 albino mice Tail vein injection [15]

BSA: bovine serum albumin; SWNT: single walled carbon nanotubes; FA: folic acid; PLGA: poly (lactic-co-glycolic acid); DSPE-PEG2000:
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)-2000]; SPIO: superparamagnetic iron oxide; PS-PLLA: poly(sarcosine)-poly(L-lactic

acid); DSPE: 1,2-distearoyl-sn-glycero-3-phophoethanolamine.

In addition to inorganic matrices, ICG has also
been encapsulated into polymer-based [43-47] and
liposome-based nanomaterials [48]. Encapsulation of
ICG within polymeric micelles formed from the
thermosensitive block copolymer Pluronic F-127
showed similar effects as ICG-loaded calcium
phosphate NPs, such as prolonged in vivo circulation
time and enhanced fluorescence stability of ICG. NIRF
whole-body imaging demonstrated the passive
targeting of this type of micelle to solid tumors via the
EPR effect in colon carcinoma tumor-bearing mice. As
both Pluronic F-127 and ICG are already FDA
approved, this type of micelle may easily be applied
in clinical situations. To overcome the limitation of
free ICG, Zheng et al. [45] prepared biodegradable
folic acid-targeted NPs encapsulating ICG (FA-INPs)
with intrinsic FA-targeting ligands. The FA-INP
showed enhanced ICG stability, produced stronger
temperature response than free ICG and exhibited
significant targeting to breast tumors in in vivo studies
as shown in Figure 2. This makes the system
promising as a theranostic agent for imaging guided
cancer photothermal therapy clinically. For
imaging-guided  tumor  surgery, liposomes
formulated with phospholipid-conjugated ICG, and
ICG-loaded hyaluronic acid (HA)-derived NPs were
designed for application in models of brain [48] and
breast [46] cancer, respectively. Both NP formulations
showed tumor-specific biodistribution and stronger
contrast enhancement for tumor tissues compared to
free ICG. Different strategies for development of ICG
NPs were applied to achieve selective imaging of
metastatic lymph nodes using NIRF imaging.
Tsujimoto et al. [47] established theranostic
photosensitive “lactosome”, which is a micelle
assembled from block copolymers,
poly(sarcosine)-poly(L-lactic acid) (PS-PLLA), loaded
with ICG. They demonstrated selective lactosome

accumulation in metastatic lymph nodes in a gastric
cancer model due to the EPR effect using NIRF
imaging and showed photodynamic therapeutic
effect. In contrast, free ICG could not reveal metastatic
lymph nodes in the same model using NIRF imaging.
In another study, Mok et al. [44] designed
ICG-incorporated HA nanogels for selective imaging
of tumors and metastatic lymph nodes by
hyaluronidase (HAdase)-based activation. ICG
fluorescence was quenched in HA-ICG nanogels, but
could be turned on in the presence of exterior
HAdase. Therefore, this type of HA-ICG nanogel is a
promising probe for selective NIFR imaging of
specific cancers and metastatic lymph nodes that
overexpress HAdase. Enhanced photostability and
accumulation of HA-ICG nanogels facilitated the
long-term visualization of target tissues in vivo for
diagnosis of cancer and metastatic lymph nodes.

In summary, there are different methods for ICG
NP preparation to achieve enhanced tumor
accumulation, prolonged circulation and improved
stability to facilitate in wivo NIRF imaging.
Nanomaterials selected to prepare ICG NPs are
usually biocompatible with minimal toxicity and high
potential for clinical translation. NIRF imaging is
mainly used for imaging-guided surgery to identify
tumor margins or metastatic lymph nodes. These NPs
can also be wused as theranostic NPs for
imaging-guided cancer (photothermal or
photodynamic) therapy in clinical applications. Breast
cancer models seem to be the most commonly used
cancer models for proof-of-concept in all reported
studies.

ICG NPs for PA imaging

The use of exogenous contrast agents to generate
photoacoustic signals in tumor imaging has received
much attention in recent years. Metals (most notably
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gold) or semiconducting NPs, organic NPs (e.g.
carbon), and small-molecule dyes are three main
classes of PA contrast agents [49-52]. ICG is a small
molecule dye that was rapidly adopted for cancer
research studies using PA imaging for identification
of sentinel lymph nodes in the lymphatic drainage
from tumors [53]. However, free ICG could have
substantial concentration- and environment-depen-
dent changes in optical properties due to its
hydrophobicity [54] as well as low sensitivity and
photoinstability. Therefore, ICG NPs are prepared
with the main focus of improving the photoacoustic
signal of ICG. As for NIRF imaging, different
strategies are applied to the design of NPs to achieve
this purpose. However, compared to NIRF imaging,
there are fewer reports of PA imaging for ICG NP
application as this is a relatively new imaging
modality with limited instrument options available.
In a study by de la Zerda et al. [55], ICG was
attached to the surface of cyclic Arg-GLy-Asp (RGD)
peptides conjugated to pegylated single-walled
carbon nanotubes (SWNT-RGD) to achieve higher
photoacoustic contrast in living tissues and to
molecularly target oyfs integrins, which are
overexpressed in tumor vasculature (Figure 3A).
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Compared to untargeted contrast agent and SWNTs,
tumor targeting and higher photoacoustic signal of
ICG SWNT-RGD were demonstrated in a tumor
xenograft model after intravenous injection by PA
imaging (Figure 3B). To enhance PA imaging contrast
and address the rapid clearance and non-specific
tissue binding issue of free ICG, Gao et al. [56]
encapsulated ICG into degradable superparamagnetic
iron oxide (SPIO) NPs coated with a lipid layer of
1,2-distearoyl-sn-glycero-3-phophoethanolamine-N-[
methoxy(polyethylene glycol)-2000] (DSPE-PEG2000).
The long circulation time and the high tumor
targeting efficiency of these NPs were demonstrated
in breast tumor xenograft model by in vivo PA
imaging. This type of NP could be potentially used in
clinical applications for determining tumor margins
as both SPIO and ICG are FDA approved agents. In
another study by Wang et al. [25], ICG was
encapsulated in biodegradable poly(D,L-lactide-co-
glycolide) (PLGA) NPs with FA-targeting ligands.
Their great tumor targeting capability for MCF-7
breast tumor and prolonged circulation time was
demonstrated in vivo as well as their improved
photoacoustic contrast. Incorporation of ICG into
liposomal bilayers has also been reported to be an

efficient way to improve tumor
accumulation and photoacoustic signal
[15].

In summary, ICG has been widely
used for cancer and metastatic lymph
node imaging using NIRF and PA
imaging modalities in preclinical studies.
Due to the limitations of free ICG, more
and more ICG NPs are prepared to
enhance its fluorescence or PA signal,
photostability, in vivo circulation time and
tumor targeting efficiency. These NPs can
generally be divided into two classes: 1)
metallic or inorganic NPs, and 2)
polymer-based NPs; most of NPs are
biocompatible and biodegradable with
minimal toxicity. Several proof-of-concept
preclinical experiments have demonstr-
ated their suitability for cancer diagnosis
and surgery. However, further clinical
trials are necessary before their
application in the clinic, and quality
control criteria should be established for
large scale production.

ICG NPs for imaging-guided
therapy of cancer

Figure 2. In vivo NIRF imaging of FA-INPs and free ICG in nude mice bearing MCF-7 tumors after

intravenous injection. (A) Time-lapse NIRF images of nude mice (the tumors are circled with a
dotted line) (B) NIRF images of organs and tumors 48 h post-injection of free ICG and FA-INPs.
Reproduced with permission from ref.[45], Copyright 2017, ACS Appl Mater Inter.

The development of multifunctional
NPs that provide both diagnostic and

therapeutic abilities has attracted recent
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attention. An ideal multifunctional ICG NP to be used
for imaging-guided therapy in cancer would have
abilities including: early visualization of tumors,
effective delivery of drugs and theranostic agents, and
optimised therapeutic strategy to reduce side effects
[57]. Current development of ICG nanotheranostics
leverages imaging modalities and incorporates them
into various NP platforms along with different cancer
therapeutics. We review recent ICG nanotheranostics
that combine imaging with photothermal therapy,
photodynamic therapy, or dual therapy of
photothermal, photodynamic, and chemotherapy,
which are summarised in Table 3. There are some
possible mechanisms for delivery of ICG NPs into
tumor tissues such as macrophage delivery and
vesicle targeting. The standing mechanism of NP
delivery is through leaky blood vessels of tumors via
passive or active targeting strategies [58]. Passively
targeted NPs have been shown to nonspecifically
enter the tumor based on their size and shape [58].
Actively targeted NPs rely on passive targeting to
reach the tumor, but could be designed to
preferentially bind and/or be internalized by specific
cancer cells. Since NPs with sizes larger than 100 nm
are likely to be trapped in the extracellular matrix [59],
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the size of ICG NPs are generally between 10-100 nm
for efficient targeted therapy in cancer.

ICG NPs for single modality therapy in cancer

Photothermal therapy

Photothermal therapy employs photoabsorbers
to generate heat from light absorption, resulting in
thermal ablation of tumor cells [60]. Nowadays,
photothermal therapy has emerged as an alternative
treatment for cancer with minimal invasiveness
compared to other cancer interventions [61]. ICG is
recognised as an effective photosensitiser by NIR
laser-excitation for photothermal therapy [45].
However, application of free ICG for photothermal
therapy in cancer is limited by its concentration-
dependent aggregation, short half-life, and poor
stability in vivo [45, 62]. One idea is to use ICG loaded
NPs to serve as energy transducers, which concentrate
within tumor areas, and upon laser irradiation, can
convert light into heat and kill adjacent cancer cells.
Compared to conventional drug delivery, such a
treatment paradigm occurs only within the
illumination area, thus minimising normal tissue
damage [63-65].

SWNT-ICG-RAD SWNT-ICG-RGD

Figure 3. SWNT-ICG-RGD tumor targeting in living mice by PA imaging. (A) lllustration of SWNT-ICG NPs. ICG molecules (red color) attached to the SWNT
surface via noncovalent TI-T stacking bonds. SWNT-ICG-RGD tumor targeting in living mice. (B) Ultrasound (grey) and photoacoustic (green) images of one vertical
slice through the tumor as indicated by the dotted black line in the photograph. SWNT-ICG-RGD showed higher accumulation in the tumor compared to control
SWNT-ICG-RAD. Reproduced with permission from ref. [55], Copyright 2017, Nano Lett.
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Table 3. ICG NPs for imaging-guided therapy in cancer
Therapy type NP Type Size Surface coating/ligand Tumor type Species Administration Reference
Routes
Photothermal therapy Biomimetic 200.4 nm Cancer cell membrane Breast tumor Nude mice Tail vein injection [63]
Magnetic carbon 10 nm BSA Breast tumor Nude mice Tail vein injection [38]
Mental-organic 100 nm HA Breast tumor Female BALB/c  Tail vein injection [65]
mice
SPIO 27.4 nm DSPE-PEG Cervical Nude mice Tail vein injection [68]
diameter carcinoma
Magnetite 50-200nm  Poly(dopamine) Liver tumor Male nude mice  Tail vein injection [61]
nanocluster
Lipid 20-40 nm FA Breast tumor Balb/c nude mice Tail vein injection [45]
PLGA 39,68,116  PEG Pancreatic Female BALB/c  Tail vein injection [14]
nm carcinoma nude mice
Photodynamic Lactosome 40-50 nm - Gastric tumor Nude BALB/c Tail vein injection [73]
therapy mice
Calcium ~16 nm CD117 Leukemia C3H/He]J mice Intravenous injection  [77]
phosphosilicate
Biomimetic 70 nm DSPE-PEG Breast tumor Female BALB/c  Intratumoral injection  [74]
artificial red cells nude mice
Photoacoustic therapy PL-PEG 18 nm FA Breast tumor Female BALB/c  Tail vein injection [79]
mice
Dual therapy Mesoporous silica ~12nm CuS Breast tumor Female nude Tail vein injection [81]
(photothermal and diameter Mice
photodynamic) Liposomes ~115 nm iRGD Breast tumor Female BALB/c  Tail vein injection [82]
mice
Dual therapy Liposomes ~43 nm DSPE-PEG Breast tumor Female BALB/c  Intratumoral injection  [89]
(chemo-phototherapy) nude mice
PLGA 86.3 nm PEG Breast tumor Female BALB/c  Intratumoral injection  [87]
nude mice
PLGA ~221 nm DSPE-PEG Brian tumor BALB/c nude Intravenous injection  [86]

mice

PL-PEG: phospholipid-polyethylene glycol; BSA: bovine serum albumin; SPIO: superparamagnetic iron oxide; DSPE-PEG: 1,2-distearoyl-sn-glycero-3-phosphoethanol-
amine-N-[methoxy (polyethylene glycol)]; iRGD: a cyclic nanopeptide with amino acid sequence of CRGDKGPDC; PLGA: poly(lactic-co-glycolic

On the basis of the ICG-loaded lipid and
-polymer NPs discussed above, biomimetic NPs that
were loaded with ICG and coated with cancer cell
membrane showed specific homologous targeting to
cancer cells with photothermal response and good
fluorescence and photoacoustic imaging properties
[63]. By NIR and PA dual modal imaging, in vivo
dynamic distribution of these biomimetic ICG-loaded
NPs was monitored with deep penetration and high
spatial resolution. Under NIR laser irradiation,
ICG-NPs exhibited highly efficient photothermal
therapy to eradicate breast cancer xenograft tumors in
mice, while there was no efficacy in inhibiting the
growth of tumors by free ICG due to its rapid
clearance and low accumulation in the tumor [63].
Another multifunctional cancer-targeted theranostic
nanoplatform was developed by the growth of iron
oxide magnetic NPs on carbon NPs loaded with ICG
[38]. In vivo NIRF imaging revealed these ICG-loaded
magnetic NPs could be targeted to the breast tumor
site after intravenous injection. Subsequent
photothermal therapy of tumor-bearing mice was
achieved, as evidenced by significant ablation of the
tumor [38].

HA, which is a natural, highly biodegradable,
and biocompatible biopolymer, can mediate the
targeting recognition of CD44 overexpressing in
cancer cells [66]. HA-conjugated and ICG-loaded

metal organic NPs exhibited good NIR absorbance,
low toxicity, high uptake in CD44 positive MCF-7
cancer cells, as well as efficient tumor targeting in
breast cancer xenograft tumors [65]. In wivo
photothermal therapy further demonstrated these
newly developed ICG-loaded metal organic NPs can
effectively inhibit the growth of MCF-7 tumors in
mice after conjugation with HA. In addition to HA,
FA is also a natural material with lower molecular
weight and relatively high stability [60]. It has also
been recognised as a potential targeting agent due to
high expression of the folate receptor in some types of
solid tumors such as breast, lung, and ovarian cancers
[60, 67]. Some particles have been conferred with
tumor-targeting specificity by incorporating FA to the
particle surface [45]. A good example was shown by
Zheng et al, where biodegradable FA-targeted
ultra-small NPs encapsulating ICG with intrinsic
FA-targeted ligands enabled efficient targeting and
suppressed breast cancer xenograft tumors by
photothermal therapy [45].

The application of MRI-guided tumor
photothermal ablation is impeded by insufficient
photothermal ablation and low accumulation of most
nanomaterials in tumor tissues [61]. Wu et al.
developed a magnetite nanocluster@poly(dopamine)-
PEG@ICG nanobead for tumor MR imaging and
photothermal therapy using a magnetite nanocluster
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core coated with poly(dopamine), that was then
conjugated with PEG and ICG was absorbed on the
surface [61]. The tumor-homing ability of these
developed nanomaterials was significantly enhanced,
as shown by MRI, and photothermal ablation of liver
tumors was more efficient at a relatively low dose.
Another biodegradable theranostic NP was been
constructed for fluorescence and MR dual modal
imaging-guided photothermal therapy by ICG-loaded
SPIO NPs with a coating of DSPE-PEG [68]. In the
study, in vivo MR and fluorescence imaging indicated
high tumor targeting efficiency by these ICG-loaded
SPIO NPs and effective tumor ablation by
photothermal therapy in cervical carcinoma [68].

Conventional drugs have limited penetration
into tumors, especially in poorly permeable tumors
such as pancreatic and colon carcinoma [14]. The NP
size could have a critical effect on passive tumor
targeting and accumulation, which would influence
their therapeutic efficacy. It has been shown that
smaller NPs rapidly diffuse through tumor matrix
and have better penetration [69]. As discussed
previously, to explore the effects of NP size on tumor
accumulation and therapeutic efficacy, Zhao et al.
developed PLGA ICG NPs 39 nm, 68 nm, and 116 nm
in size for in vivo photothermal therapy in a xenograft
pancreatic carcinoma model [14]. In vivo imaging
revealed the 68 nm ICG NPs possessed the best
passive targeting efficiency and highest ICG
accumulation in tumor tissue, while the 116 nm
particles could not penetrate vessel pores in sinusoids
and the 39 nm ones were easily eliminated from
tumor tissues. Photothermal therapy further
illustrated 68 nm ICG NPs had the strongest efficiency
in suppressing tumor growth due to their highest
accumulation in the tumor [14].

In summary, diagnostic imaging and
photothermal therapy can be integrated into a single
procedure. ICG-loaded NPs can serve as an excellent
nanoplatform and size-dependent theranostic model
for passive tumor targeting and imaging-guided
photothermal therapy in cancer. To combine PA, MR,
and NIR multimodal imaging capabilities with ICG as
an anticancer photosensitive agent under NIR laser
irradiation, ICG can be loaded into diverse types of
nanomaterials for simultaneous imaging and
photothermal therapy.

Photodynamic therapy

Photodynamic therapy has been known as an
alternative cancer treatment to chemotherapy or
radiation therapy, and consists of three components: a
photosensitiser, light, and oxygen. Once a
photosensitiser is activated by laser light of a specific
wavelength, it can react with endogenous oxygen to

generate intracellular singlet oxygen to kill tumor
cells [70]. Photosensitisers can selectively target tumor
cells to reduce side effects on normal cells, and
photodynamic therapy does not induce any
chemoresistance, showing advantages over radiation
and chemotherapy. Photodynamic therapy has been
clinically applied in poor surgical candidates with
advanced cancers [71]. Many photosensitisers have
been developed; however, only a few have been
applied to clinical trials due to non-specific tumor
targeting, low extinction coefficients, and absorption
spectra at relatively short wavelengths. As described
above, ICG is an ideal photosensitiser as it has a
strong absorption band between 700 and 800 nm,
which enables deep light tissue penetration without
significant heating [72]. In one study, ICG loaded into
lactosomes 40-50 nm in size was used as a
photosensitiser in photodynamic therapy for
peritoneal dissemination of gastric tumor in nude
mice [73]. ICG-lactosomes selectively targeted the
tumor site after intravenous injection. Photodynamic
therapy significantly reduced the weight of the
disseminated nodules, limited weight loss, and
improved survival rates of mice with gastric tumors.
To overcome the challenge of treating the hypoxic
regions of tumors, Luo et al. developed biomimetic
artificial red cells by loading haemoglobin to carry
oxygen and ICG as photosensitiser for a boosted
photodynamic strategy [74]. Upon exposure to NIR
laser, ICG generated massive amounts of ROS with
sufficient oxygen supply. In particular, haemoglobin
was simultaneously oxidized into the active and
resident ferryl-hemoglobin, which caused persistent
cytotoxicity. Generated ROS and ferryl-hemoglobin
synergistically triggered the oxidative damage of
xenograft breast tumor leading to complete
suppression.

In addition, in vivo photodynamic therapy is not
limited to subcutaneous solid tumors residing in
superficial locations since light can be delivered to
internal organs using fibre optics [75]. One study
successfully applied photodynamic therapy to an
orthotopic glioblastoma rat model by delivery of
polymeric NPs encapsulating photosensitisers
specifically to the tumor site, with the laser source
delivered through a hole created in the skull during
surgery [76]. With regard to non-solid cancers of the
blood and bone marrow, leukemia presents a
challenge to delivering photosensitiser due to tumor
manifestation throughout the body. Barth et al
developed calcium phosphosilicate ICG NPs as a
photosensitiser and further conjugated them to
specifically target CD117, a receptor tyrosine kinase
for stem cell factor that is normally internalized by
ligand binding [77]. CD117-targeted ICG NPs
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significantly enhanced the efficacy of photodynamic
therapy in a murine leukemia model following light
irradiation of the spleen, resulting in 29% disease free
survival ~ [77].  Altogether, leukemia-targeted
ICG-loaded NPs offer promise to effectively treat
non-solid cancers.

Photoacoustic therapy

Photoacoustic techniques can not only be used
for high-efficiency photoacoustic imaging, but can
also be applied for cancer therapy. As described
above, photothermal therapy is applied to cancer
using long continuous laser irradiation, whereas
photoacoustic therapy for cancer destruction uses a
pulsed laser [78]. Photoacoustic therapy for cancer
treatment has some advantages, including reduced
laser power for anti-cancer effect, improved therapy
efficacy, and provides a mechanical mechanism for
cell damage with less toxicity and drug resistance [79].
Zhong et al. has successfully employed ICG NPs
functionalised with FA as cancer-targeting
nanoprobes for breast cancer treatment using a
photoacoustic technique [79]. During photoacoustic
therapy, an optical parametric oscillator (OPO)
operated at 808 nm with a pulse duration of 10 ns and
a pulse repetition rate of 10 Hz was applied to treat
the subcutaneous tumors [79]. The mouse tumors
showed a much slower growth rate after
photoacoustic treatment. Full body thermographic
images were captured during photoacoustic therapy
by an infrared camera. Only a small temperature
increase was found in the tumor, which is entirely
different from photothermal therapy that heat the ICG
NPs in the tumor tissue to high temperatures for
killing cancer cells. [79].

ICG NPs for dual-modality therapy in cancer

Combined photothermal and photodynamic therapy

Dual-modality and multifunctional ICG NPs are
being developed by attaching molecular moieties with
imaging, therapeutic and targeting functions for
simultaneous imaging and therapy of tumors. It has
been reported that photodynamic therapy, which
suppresses cancer cells by cytotoxic ROS or other
radical species produced by the photosensitisers, can
be combined with photothermal therapy for
significantly improved therapeutic efficacy and
decreased side effects [8]. As described above, ICG
shows strong NIR absorbance and simultaneously
achieves photodynamic and photothermal therapy
effects under 808 nm laser irradiation [80].
Considering the properties of ICG as a
photosensitiser, You et al. successfully loaded ICG
into MSNs coated with copper sulfide (CuS), which
simultaneously  triggered  photodynamic and

photothermal therapy effects with a single 808 nm
laser [81]. The group treated with ICG NPs and light
showed a 100% survival after 35 days in a 4T1 breast
cancer mouse model, while the other treated groups
had lower survivals. Overall, the single
wavelength-triggered dual modality therapy of ICG
NPs combining photothermal and photodynamic
therapy achieved enhanced anticancer efficacy with a
simplified treatment process and showed a promising
tumor theranostic platform.

To achieve effective treatment by dual-modality
therapy, Yan et al. developed internalised RGD
(iRGD)-modified ICG liposomes for molecular
imaging-guided simultaneous photodynamic and
photothermal therapy against breast tumor [82]. iRGD
modified ICG liposomes exhibited high stability, and
enabled accurate and sensitive detection of breast
tumors due to the high affinity of iRGD peptides for
avPp3 integrin, and their effective tumor-
internalisation property [83]. These ICG liposomes
showed higher tumor accumulation with tumor
inhibition through simultaneous photodynamic and
photothermal effects, with no tumor recurrence or
obvious treatment induced toxicity.

Combined chemo- and phototherapy

Cancer treatments usually involve combined
therapies of surgery, chemotherapy, radiotherapy,
and phototherapy, which are dependent on the tumor
location and stage of malignancy [84]. The
combination of therapeutic approaches is considered
a highly rational strategy for effective treatment of
cancer. Chemotherapy is one of the most common
therapies, with various chemotherapeutics loaded
into nanocarriers for improving tumor targeting,
reducing side effects and avoiding multi-drug
resistance [85]. Hao et al. developed a multifunctional
nanosystem for imaging-guided chemotherapy and
phototherapy in which ICG and docetaxel were
simultaneously loaded into PLGA NPs, as shown in
Figure 4 [86]. These particles were further decorated
by brain-targeted peptide angiopep-2 to achieve
combined chemo-phototherapy for glioma under NIR
guidance. The results showed imaging-guided
chemo-phototherapy of ICG PLGA NPs efficiently
prolonged the life span of brain orthotopic US7MG
glioma mice due to the synergistic effects from
docetaxel and photothermal therapy under 808 nm
irradiation [86]. A similar study also employed PLGA
NPs as a nanocarrier system for co-delivery of
doxorubicin and ICG for breast cancer treatment by a
combination of chemotherapy and photothermal
therapy [87]. These NPs showed higher temperature
response, faster doxorubicin release under laser
irradiation, and longer accumulation time in mice
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bearing breast tumors for synergistic anticancer
therapy. Compared to chemo- or photothermal
treatments alone, the combined treatment of
chemo-photothermal therapy with laser irradiation
synergistically induced apoptosis of doxorubicin-
sensitive and -resistant cells, and suppressed tumor
growth in vivo. Importantly, no tumor recurrence was
found after only a single dose of ICG PLGA NPs with
laser irradiation [87].

Photochemical  internalisation  refers  to
light-induced delivery of genes, proteins and
therapeutic molecules [88]. ICG, as an amphiphilic
photosensitiser could insert into the plasma
membrane, then be taken up by endocytosis, where it
would localize specifically in the membranes of
endocytic vesicles [88]. Zhao et al. developed
temperature-sensitive liposomes (TSL) co-encapsul-
ating doxorubicin and ICG for synergistic chemo- and
photothermal therapy of breast tumors [89]. After
injection, TSL-ICG NPs were taken up by breast
adenocarcinoma cells via endocytosis and TSL-ICG
NPs caused hyperthermia through NIR laser
irradiation to induce endosomal disruption, while
doxorubicin was simultaneously released and entered
the cell cytosol for increased cytotoxicity. TSL-ICG
NPs exhibited laser-controlled release of doxorubicin
in the tumor and completely eradicated tumors
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without side-effects. Hence, the combination chemo-
photothermal therapy is a promising strategy for
cancer treatment.

Current approaches and future
perspectives

Theranostics is a novel concept that refers to the
combination of diagnosis and therapy, and the use of
nanomaterials for this purpose is emerging as a
promising therapeutic paradigm in cancer. ICG, as a
FDA-approved theranostic agent, has been effective in
cancer treatment after being incorporated into
nanoplatforms. ICG NP is a novel “Trojan horse”
strategy to deliver simultaneous effects in cancer
theranostics that overcome the challenge of accessing
and treating the hypoxic regions of tumors and
limitations of free ICG such as poor photostability,
non-specific targeting, and short half-life. As we
described above, the in vivo biodistribution and tumor
targeting behaviour of ICG-based theranostic NPs can
be monitored by NIR or PA imaging. ICG NPs can
also be employed for various imaging-guided cancer
therapies including photothermal, photodynamic,
photoacoustic, and dual-modality therapy. Imaging
can provide the biodistribution or the tumor targeting
of the drug and photosensitiser to improve the
optimal therapeutic timing and irradiation dosimetry.
In addition to ICG, IR-780 iodide is a NIR fluorescent
heptamethine dye that exhibits
preferential accumulation
characteristics in the
mitochondria of tumor cells [90],
and could be considered as a
promising tumor-targeting agent
for cancer theranostics.

In this review, we have
highlighted diverse theranostic
nano-systems with integrated
functions for cancer imaging and
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Figure 4. (A) Schematic illustration of the synthesis of doxorubicin- and ICG- loaded PLGA-lecithin-PEG NPs.
(B) Infrared thermographic maps of mice intratumorally injected with DINP, INPs, PBS, or free ICG measured at
5 min after irradiation. (C) MCF-7 tumor growth curves of different groups after dual-modality treatment.

Reproduced with permission from ref. [87], Copyright 2017, ACS Nano.

Although considerable efforts
have been directed to the

development of theranostic
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ICG-incorporated nanoplatforms and approaches,
these ICG NPs have yet to be employed in a clinical
setting. For clinical applications, in addition to
enhancing the ability to image and target the location
of tumors, it is imperative to provide appropriate
therapeutic regimens and address the issues of safety
and efficacy. In addition, limited depth penetration of
the light that is used to excite laser-based imaging and
therapy of ICG NPs may also obstruct their clinical
applications for orthotopic tumors. It is noted that
only one study reported the theranostic application of
ICG NPs in non-solid cancer. In the case of circulating
cancer cells such as leukaemia, a therapy that targets
surface antigens with high affinity would be
efficacious.

Several proof-of-concept preclinical experiments
have demonstrated ICG NPs” applicability for cancer
imaging and therapy. Continued research in
theranostic ICG NPs has potential to solve the
challenges discussed in this review. Specific surface
coating and charge of ICG NPs will allow for tailored
circulation time unique to the application. Use of
naturally occurring systems allow for penetration of
cell membranes much more efficiently than synthetic
NPs. Biodegradable ICG NPs are an important
alternative type to overcome toxicity and
accumulation concerns.
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