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Abstract: The use of fluorescence imaging technique for visualization, resection and
treatment of cancerous tissue, attained plenty of interest once the promise of whole body
and deep tissue near-infrared (NIR) imaging emerged. Why is NIR so desired? Contrast
agents with optical properties in the NIR spectral range offer an upgrade for the diagnosis
and treatment of cancer, by dint of the deep tissue penetration of light in the NIR region of
the electromagnetic spectrum, also known as the optical window in biological tissue. Thus,
the development of a new generation of NIR emitting and absorbing contrast agents able to
overcome the shortcomings of the basic free dye administration is absolutely essential.
Several examples of nanoparticles (NPs) have been successfully implemented as carriers
for NIR dye molecules to the tumour site owing to their prolonged blood circulation time and
enhanced accumulation within the tumour, as well as their increased fluorescence signal
relative to free fluorophore emission and active targeting of cancerous cells. Due to their
versatile structure, good biocompatibility and capability to efficiently load dyes and biocon-
jugate with diverse cancer-targeting ligands, the research area of developing protein-based
NPs encapsulated or conjugated with NIR dyes is highly promising but still in its infancy.
The current review aims to provide an up-to-date overview on the biocompatibility, specific
targeting and versatility offered by protein-based NPs loaded with different classes of NIR
dyes as next-generation fluorescent agents. Moreover, this study brings to light the newest
and most relevant advances involving the state-of-the-art NIR fluorescent agents for the real-
time interventional NIR fluorescence imaging of cancer in clinical trials.

Keywords: clinical translation, fluorescent contrast agents, organic nanoparticles, near-
infrared dyes

Introduction

Worldwide, cancer is the second leading cause of death, reaching by 2018 the
appalling total of 9.6 million deaths.' Prevalence of cancer and mortality are rising
due to several complex reasons, the basic roots being the aging and growth of the
population, together with risk factors related to social and economic development.”
The International Agency for Research on Cancer estimated in 2018 that 1 in 5 men
and 1 in 6 women develop cancer during their lifespan, while 1 in 8 men and 1 in 11
women unfortunately die of cancer. Although prodigious amounts of research were
conducted over the past century to improve the current treatment options of cancer,
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no genuine changes were made to the sine qua non of
treatment for tumours, namely surgery.’ Wistfully, none of
the different imaging modalities used for tumour detection
and surgical planning in a preoperative setting, eg com-
puted tomography, positron emission tomography, single-
photon emission computed tomography, planar scintigra-
phy, magnetic resonance imaging, can be translated in the
operating theatre due to poor tissue manipulation and
mismatched patient position.*® Moreover, despite the
high resolution attained in whole-body imaging, computed
tomography has limited specificity in regards to detection
of small lesions, less than 10 mm, and the use of ionising
radiation must be carried out following strict standard
procedures, to avoid the endangerment of surgeons and
nurses.”® Thus, although the high-resolution eyes (50
um®) and hands of the surgeon can easily distinguish
anatomical structures, during resection it is challenging
to differentiate between healthy tissue and malignant
lesions ending in the undesired removal of healthy tissue
(poor functional outcomes) or an incomplete resection
(local recurrence). After surgery, it can take up to 7 days
for the pathology report to be sent to the doctor and in the
unfortunate event of positive margins, a reintervention is

not recommended, the patient being in recovery.”® Thus,

a new strategy to detect tumours and concomitantly give
a real-time feedback during surgery is needed in order to
suppress this disease.’

Set side-by-side with the classical imaging techniques
described above, fluorescence imaging modalities offer
high-resolution images, capable of discerning lesions
even smaller than 10 pm. The phenomenon of fluores-
cence is dependent on the nature of the excited state of
a molecule or substance, thus when in an excited singlet
state (eg after absorption of a photon at a certain wave-
length), by pairing the electron in the excited orbital of
opposite spin, to a second electron in the ground state
orbital, the return to the ground state occurs rapidly, by
the emission of a photon at longer wavelengths.” In med-
icine, fluorescence imaging is a widely used imaging tech-
nique for the detection of photons emitted from diseased
tissue, after administration of diverse contrast agents of
interest. Due to the relatively low costs and flexibility,
fluorescence imaging methods are currently being investi-
gated for translation to the operating room, thus improving
the resection outcomes and patient lifestyle.** Figure 1
depicts the schematic representation of a surgical field set
up for cancer patients, injected with a fluorescent agent

prior to the surgery, and the fluorescence imaging system

CCD camera

NIR camera

Dichroic mirror
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Figure | Schematic representation of the surgical field and NIR fluorescence imaging system able to capture in real-time two imaging channels simultaneously.
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able to capture in real-time two imaging channels simulta-
neously; during the surgery, the overlaid image of the two
imaging channels is displayed, offering an improved
visualisation and detection of malignant tissue. The main
disadvantage of visible light fluorescence imaging (eg low
tissue penetration and light absorbance by tissue and
blood) can be overcome by employing contrast agents in
the NIR region of the electromagnetic spectrum.’ To outdo
the harsh side effects, low photostability and non-specific
targeting of standard free dye administration, a multitude
of types of NPs have been developed to aptly encapsulate
and deliver dyes to the desired type of cancer cells.
Among them, protein-based NPs exhibit special interests
as they are biodegradable, biocompatible and have
a versatile structure.'®"!

In this review, we bring to light the recent advance-
ments towards the clinical translation of dye-loaded pro-
tein-based NPs as fluorescent agents for the in situ NIR
image-guided detection and resection of cancerous tissue.
We also aim to provide an up-to-date overview on the
biocompatibility, specific targeting and versatility offered
by NIR dye loaded protein-based NPs as the next genera-
tion of anti-cancer agents and a summarization of the
newest and most relevant clinical trials in real-time inter-
ventional NIR fluorescence imaging of cancer using state-
of-the-art NIR fluorescent agents.

Near-Infrared Dyes Selected for

Fluorescence Imaging

The use of dyes that both absorb and emit light in the red and
NIR region of the spectrum was the stepping stone to over-
come the main drawbacks (eg the absorption by tissue and
blood and scattering of light, autofluorescence of tissue) that
limited fluorescence imaging in the UV-Vis region to the
qualitative surface imaging of only single cell and thin tissue
layers. While proteins, melanin, haemoglobin and water
have high absorbance coefficients over almost the entire UV-
Vis spectrum 200-650 nm,'? and collagen absorbs at wave-
lengths over 1450 nm,'? the tissue penetration of light is
highest (up to 2 cm®) in the 650-1450 nm range of the
electromagnetic spectrum, also known as the optical window
in biological tissue. Hence, in the past years, NIR fluores-
cence imaging and employing NIR fluorophores in pre-
clinical research gained mass attention globally.”'* Until
today, while fluorophores with emission in a wide range of
the electromagnetic spectrum have been approved by the
Food and Drug Administration (FDA) for medical purpose,

only two emit light in the NIR region 650-900 nm, namely
Indocyanine Green (ICG) and Methylene Blue (MB).!>14
Unlike classic small-molecule fluorophores, via the process
of restriction of intramolecular motion, aggregation-induced
emission luminogens can emit bright NIR light in aggre-
gated states.'>'® Thanks to their strong NIR fluorescence
and good photobleaching resistance, aggregation-induced
emission luminogens recently attained great interest in bio-
medical applications.'”'®

Notwithstanding, organic dyes are still the first option
as NIR contrast agents for biomedical imaging, and most
of them can be catalogued as squaraines, BODIPY, por-

phyrins, 12,19

phthalocyanines or cyanines. Squaraine
(squarylium dyes) molecules contain an oxocyclobuteno-
late core with electron-donating substituents (aromatic or
heterocyclic components) at both ends. Squaraines present
excellent quantum yields, high absorption coefficients and
good photoconductivity, although no significant progress
was made in improving water solubility since their first
reported synthesis in 1965 by Treibs and Jacob.?* >

BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene —
borondipyrromethene dye) were synthesized for the first
time in 1968 by (the same) Treibs and Kreuze, and consist
of two pyrrole rings linked by a methine bridge, and com-
plexed with a difluoroboron center. Thanks to their good
photochemical and thermal stability and excellent quantum
yield, the use of BODIPY dyes can be appealing for a wide
area of application, such as fluorescent switches, molecular
photonic wires or laser dyes; but, despite the numerous
attempts in shifting their absorption and emission spectrum
to the optical window (NIR region) and as a consequence of
their poor water solubility, most of BODIPY dyes are not
suited for in vivo fluorescence imaging.'*2%2!

Even though the innovative capacity of porphyrin dyes
was only upheld later on in history, Hippocrates was the first
to notice the negative effect of excess porphyrins in humans.
Structurally, porphyrins are a category of aromatic macro-
cycle organic compounds consisting of four pyrrole subunits
linked to each other by methine groups and exist by nature in
species, such as heme, cytochromes and chlorophylls.
Undeterred by the poor quantum yields and low absorption
in the NIR region of simple porphyrins, a small number of
more complex porphyrin derivatives were synthesized, dis-
playing promising optical properties for in vivo imaging in
the red and NIR region of the spectrum. In addition to their
wide applications as a dye, porphyrins are also ideal for
molecular materials that can be used in biomedicine, elec-

tronics and optoelectronics.?*?'2324
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Phthalocyanines are a group of synthetic dyes con-
taining four isoindole units interconnected by nitrogen
atoms, so they form a large ring consisting of 18 m-
electrons. These aromatic macrocycle porphyrin deri-
vatives were originally synthesized by happenstance in
1928, but their efficacy as dyes and pigments was
established by Linstead in 1934. Owing to their high
photostability and good thermal and chemical stability,
phthalocyanines have been widely used in fields asso-
ciated with laser recording materials, chemical sensors,
intrinsic semiconductors and are extensively investi-
gated as photoactive chemical compounds in photody-
namic therapy. However, phthalocyanines have been
overlooked for in vivo imaging considering their poor
water solubility, predilection to aggregate and the fact
that only a few of them exhibit absorption and emis-
sion properties within the optical window in biological
tissue, 19:21:25.26

The governing fluorophores and gold standard
(ICG) of successful in vivo applications continue to
belong to the popular family of cyanines (polymethine
cyanine dyes) and are defined by two nitrogen atoms
connected to each other by a polymethine bridge com-
posed of an odd number of methine units, while each
nitrogen atom is contained within an aromatic hetero-
cyclic unit (eg benzoxazole, benzothiazole, indole).
The first cyanine dye ever synthesized was described
as a blue solid by Williams in 1856 and, since then,
these dyes have been used in a broad range of applica-
tions from paints to medicinal purposes. Of late, a new
generation of cyanine dyes distinguishes by their native
tumour targeting capabilities together with good
in vivo imaging outcomes, which are heptamethine
dyes. On account of their lipophilic cationic nature
heptamethine dyes preferentially accumulate in the
mitochondria of cancerous cells, giving a great signal-
to-noise ratio in tumours compared to healthy tissue
sites.?*?"?7 Table 1 presents the chemical structures
and photophysical features of archetypal far-red and
NIR fluorophores.

To surmount the shortcomings of administrating
free dyes, eg hydrophobicity, aggregation, poor quan-
tum yield and low photostability, an up-and-coming
approach is the efficient encapsulation or conjugation
of the fluorescent agents (Figure 2) with diverse
NPs, 19-28

Dye-Loaded Protein-Based
Nanoparticles for Interventional
NIR Imaging of Cancer - Preclinical
Studies

Over the past years, researchers delved into the implemen-
tation of NPs as personalized contrast agents for medical
imaging, owing to their ability to efficiently load and thus
overcome the drawback of using free NIR imaging agents,
which predominantly present low photostability, great ten-
dency to aggregate and poor solubility in aqueous
solutions.'"** Furthermore, some NPs with diameters in
the optimal size range can cross the blood-brain barrier
with ease'' and have the capability to accumulate prefer-
entially within tumour microenvironments, either through
passive targeting mediated by the enhanced permeability
and retention (EPR) effect or via active targeting by bio-
conjugation with cancer-specific ligands.''*° On the other
hand, in spite of the considerable amount of research
carried out for a better understanding of the interplay
between synthetic NPs and biological systems, merely
a narrow percentage, 2%, reached clinical translation.'”
Thus, an appealing alternative to synthetic NPs is the
employment of the versatile, nontoxic and biodegradable
protein-based NPs loaded with NIR fluorophores as med-
ical imaging agents.'®*’

To date, diverse proteins with plant-based origins (eg

gliadin,®' > legumin,** zein®>’

3842

), animal-based origins (eg

1y 434 . 47-4
silk,* ™ casein,*”*

54-57

whey,” multimeric
58-62 63-67)

gelatin,

enzymes,5 1-53 ferritin, transferrin, albumin
and even virus-derived proteins®® ’* have been widely used
as prime materials for the development of NPs with emerging
applications in medicine, but nearly half of them prevail to be
studied as NIR fluorescence imaging agents (Figure 3).

The main advantage of NPs synthesized using vegetal
proteins over animal-based proteins is probably the low
cost of production.'' Zein is a major component of the
total protein in corn kernels,* with a molecular weight of
22-27 kDa.”?

character®’ showing good solubility in alcohol but not in

Zein proteins have an amphiphilic
water,>> and are highly used as edible coatings in the food
industry.*® Moreover, zein is classified by FDA as
a generally regarded as safe (GRAS) excipient for the
coating of pills and other pharmaceuticals.”> Thanks to
their biodegradability and nontoxic properties, the imple-
mentation of zein-based NPs as delivery agents for the
control release of anticancer drugs presents promising
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Table | Far-Red and NIR Dyes and Their Photophysical Properties
Fluorophore NIR Chemical Structure Photophysical Features Ref.
Class Fluorophore
Squaraine lodine-substituted Mabs [NM]: 699 € [M ' em']: 221,000 A, [nm]: 713 [26,126]
squaraine @ [%]: 58 In dimethylsulfoxide
BODIPY BODIPY-based ion Aabs [NmM]: 600 Ae, [Nnm]: 656 @ [%]: 12 In tris [127,128]
sensor hydrochloride
Porphyrin Chlorin e6 Aabs [nM]: 667 & [M~' em™']: 55,000 Ap, [nm]: 668 @ | [129,130]
[%]: 16 In ethanol
Phthalocyanine | Zinc Aaps [NM]: 674 & [M ™" cm']: 281,800 A, [nm]: 678 | [131-133]
Phthalocyanine @ [%]: 30 In pyridine
Cyanine IR825 Aabs [NM]: 825 & [M ' ecm™']: 1.145 x 10° @ [%]: < 10 | [134]
In methanol

results.’””> Gliadin is obtained from wheat and other
cereals, being one of the main proteins in the composition
of gluten.”* It has a molecular mass of 25-100 kDa, with
hydrophobic and lightly polar characteristics. Gliadin-
based NPs have been previously studied in applications
regarding the controlled release and delivery of drugs.”
Another plant-based protein used for the development of
NPs is legumin. One of the main advantages of legumin-

based NPs in the biomedical application is their ability to
covalently conjugate with diverse biological ligands, via
inherent functional groups, for specific delivery and target-
ing of drugs at desired sites. Legumin is an essential
protein present in peas and other leguminous seeds, having
an average molecular weight of about 360 kDa.**
Moving forward, proteins derived from milk have also
earned consideration as nanocarriers for hydrophobic
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Figure 2 Schematic representation of conjugated versus (vs) encapsulated protein-based NPs with NIR emitting fluorophores.

anticancer drugs and other bioactive molecules since they
are natural, cheap to manufacture and classified as
GRAS.*** The dominant protein in bovine milk is the
flexible casein, with a molecular mass around 19-25 kDa,
while B-Lactoglobulin, a small globular molecule with
a molecular weight of 18.3 kDa, is the primary whey
protein.”> A popular choice as a prime material in the

synthesis of organic NPs for drug loading and delivery is

gelatin, due to its biocompatibility, low cost, solubility in
aqueous solutions and biodegradable character,”” having
molecular weights reported between 15 and 400 kDa.”®
Broadly, gelatin is obtained from type I collagen’’ found
in the bones, tendons, and skins of animals and has long
been used in many industries, such as medical, pharma-
ceutical, cosmetics and food.”® As the name suggests, the

biological catalysts formally known as enzymes (with

Proteins used in the synthesis of NPs for fluorescence NIR medical imaging:

Virus- denved.

16-80 kDa

Albumin
é i 67 kDa

Transferrin
. w

el

Proteins used in the synthesis of NPs for other biomedical applications:

Enzymes Gelatin Whey as
14- 250 kDa 15-400 kDa 18 kDa

Casein
L3

19-25 kDa

Zein Gliadin

360 kDa

22-27 kDa

25-100 kDa

Figure 3 Proteins used for the synthesis of NPs loaded with NIR fluorophores for medical imaging (top line) or other biomedical applications (bottom line) and their

molecular weights.
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Figure 4 In vivo fluorescence imaging of nude mice bearing KB tumors at 1.5 and 4 h after injection of squaraine and BSA adducts and squaraine, BSA and folic acid adducts.
Subcutaneous tumours locations are indicated by arrows. Reprinted from Biomaterials, 35, Gao FP, Lin YX, Li LL, et al. Supramolecular adducts of squaraine and protein for
noninvasive tumor imaging and photothermal therapy in vivo. 1004-1014, copyright (2014), with permission from Elsevier. 84

reported molecular weight ranging from 14 to 250
kDa”"*%), are proteins able to significantly accelerate the
rate of chemical reactions in living organisms, without
consuming themselves in the process.®’ Enzyme-based
NPs attracted a lot of attention as biosensors with
enhanced analytical performance and showed high poten-
tial as nano agents for delivering cargo.®**

Although the above-mentioned types of protein-based
NPs did not yet receive enough attention as candidates
able to incorporate NIR dyes and serve as NIR fluores-
cence imaging agents, they display great potential for new

research in this field.

Squaraine-Loaded Nanoparticles

Up to date albumin remains the cornerstone of protein-
based NPs, thanks to its biodegradability, biocompatibility
and capacity to bind to a wide range of dyes, drugs,
photosensitizers and other bioactive compounds.'’”
Albumin is the most abundant of the plasma proteins and
for commercial purposes, albumin can be derived from
egg white, rat serum, bovine serum (bovine serum albumin
(BSA)) and human serum (the FDA approved human
serum albumin (HSA)). Considering the similitude
between the two heart-shaped proteins BSA (583 amino
acids, 69.3 kDa molecular weight) and HSA (585 amino
acids, 66.5 kDa molecular weight), a large number of
bovine and human albumin-based NPs are currently tested
in clinical trials.*>”> Albumin-based NPs gained popular-
ity as contrast agents for medical imaging too, since they
are able to encapsulate or conjugate to a large spectrum of
dyes. One major benefit of loading NIR dyes in albumin-

based NPs is brought to light in the work of Gao et al,** an
80-fold increase in the fluorescence intensity of iodine-
substituted squaraine (713 nm free iodine-substituted
squaraine emission maximum) after binding to BSA. Gao
et al have demonstrated that the enhanced fluorescence
intensity of the fluorophore can be associated with the
release of the iodine-substituted squaraine molecules
from H-aggregates (typically present in free dye solutions)
after the addition of BSA, once squaraine and BSA
adducts are formed. In the same work, Gao et al performed
in vitro and in vivo (Figure 4) studies by the use of
squaraine and BSA adducts as fluorescence contrast agents
for the NIR imaging of tumours.

Porphyrin-Loaded Nanoparticles

Among with their promising characteristics as agents for
photodynamic therapy and photo-thermal therapy, por-
phyrin-loaded protein-based NPs have been investigated
in vitro and in vivo as NIR fluorescence imaging agents
for different types of cancers. Battogtokh et al® studied
the cellular uptake of free pheophorbide-a (675 nm free
pheophorbide-a emission maximum) in comparison with
BSA-based NPs loaded with the same fluorophore in
B16F10 (murine melanoma) and MCF-7 (human breast
adenocarcinoma) cells. Since folate receptors are overex-
pressed on the surface of these cells, for a targeted delivery
the fluorescent BSA-based NPs were conjugated with folic
acid. The fluorescence intensity of B16F10 and MCF-7
cells was evaluated using a confocal laser scanning micro-
scope after they were treated for 3 and 6 h with pheophor-
bide-a-loaded NPs and free pheophorbide-a. In both cases,
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Figure 5 In vitro fluorescence imaging of Hela cells treated for 4 h with folic acid decorate and free BSA-based zinc phthalocyanine loaded NPs. Scale bars represent 50 ym.
Reprinted with permission from Dong C, Liu Z, Wang S, et al. A protein—polymer bioconjugate-coated upconversion nanosystem for simultaneous tumor cell imaging,
photodynamic therapy, and chemotherapy. ACS Appl Mater Interfaces. 2016;8(48):32688-32698. Copyright (2016) American Chemical Society.BB

folate targeted NPs showed and enhanced fluorescence
intensity, and thus a better cellular internalization in com-
parison with cells treated with free pheophorbide-a. These
results are in consonance with the in vivo and ex vivo
assessments, indicating that, in contrast to free pheophor-
bide-a, folate-targeted pheophorbide-a-loaded BSA-based
NPs accumulate preferentially at the tumour site.

Chen et al*® and Hu et al®*’ studied the potential of
chlorin e6-loaded HSA-based NPs (668 nm free chlorin €6
emission maximum) as fluorescence imaging agents. The
in vitro and in vivo investigations of the fluorescence
intensities in U87MG (human primary glioblastoma)%
and 4T1 (murine mammary carcinoma)®’ cells revealed
good cellular uptake and accumulation in tumours for the
chlorin e6-loaded protein-based NPs. Moreover, by ex
vivo fluorescence imaging of the tumours Hu et al deter-
mined an increase of the fluorescence intensity of almost
1050 times for the mice treated with chlorin e6-loaded
protein-based NPs as to free chlorin e6.

Phthalocyanine-Loaded Nanoparticles

A different approach of using BSA in the synthesis of dye
loaded NPs for medical imaging and cancer therapy is
described in the study conducted by Dong et al.*® Dong
et al designed a theranostic nanoplatform, loaded with zinc

phthalocyanine fluorophore (678 nm free zinc phthalocya-
nine emission maximum) and anticancer drug doxorubicin,
with upconversion NPs serving as the core of the nanoplat-
form and a protein (BSA)-polymer shell. In vitro studies
regarding the fluorescence emission of the zinc phthalo-
cyanine-loaded NPs in HeLa cells (human cervical carci-
noma) revealed their capability for real-time image
guidance in combined cancer therapy (Figure 5).

Cyanine-Loaded Nanoparticles

Iron ions are used by living cells for a multitude of tasks,
eg the transport of oxygen, synthesis of DNA, electron
transfer, cell proliferation and metabolism, thus it is no
surprise that there are specialized proteins for the storage
and transport of iron. Ferritin proteins have a cage-like
structure with inner and outer diameters of 8 and 12 nm,
respectively, and can accumulate and store, in
a bioavailable manner, up to 4500 atoms of iron.”
They have a molecular mass of 450 kDa and are abun-
dant in our body, especially in the spleen, liver, bone
marrow and skeletal muscle, but not much ferritin can be
found in the blood.*® Since ferritins are biocompatible,
biodegradable and have a hollow structure, they make
excellent candidates for a large number of biomedical

applications.” Ferritin-based NPs labeled with a NIR
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Figure 6 In vitro fluorescence imaging of U87 cells treated for 4 h with free ICG (top) vs transferrin-based ICG loaded NPs (bottom). Reprinted with permission from Zhu
M, Sheng Z, Jia Y, et al. Indocyanine green-holo-transferrin nanoassemblies for tumor-targeted dual-modal imaging and photothermal therapy of glioma. ACS Appl Mater

Interfaces. 2017;9:39249-39258. Copyright year (2017) American Chemical Society.”*

dye, namely ZWS800 (800 nm free ZW800 emission
maximum), have been investigated in vitro and in vivo
by Zhen et al’®
uptake studies have been carried out with US7MG cells

as fluorescent contrast agents. Cellular

(human primary glioblastoma). In vivo and ex vivo
fluorescence imaging investigations performed on athy-
mic nude mice subcutaneously injected with the same
cell line pointed out good tumour accumulation.

As the name implies, transferrin is the protein respon-
sible for the transport of iron through our body and has
a molecular mass of 79 kDa.”” Transferrin proteins can
carry two atoms of iron(Ill) and deliver them wherever
needed via transferrin receptor-mediated endocytosis.”’
Given that different types of cancer present an overexpres-
sion of transferrin receptors on the surface of the cells,
targeted delivery of drugs and other therapeutic and ima-
ging agents can be achieved by designing transferrin-based
NPs for medical applications.”” Kang et al’* evaluated
in vitro the Cy5.5 loaded transferrin-based NPs (694 nm
free Cy5.5 emission maximum) as NIR fluorescence ima-
ging agents with cells known for overexpressing transfer-
rin receptors, eg HeLa (human cervical carcinoma), HT29
(human colorectal adenocarcinoma) and PC3 (human pros-

tate carcinoma) cells. After treatment with transferrin-

based NPs conjugated with Cy5.5 dye, fluorescence sig-
nals were detected for all cell lines, while no relevant

intranuclear internalization of the NPs was observed.

1”° developed multifunctional transferrin-based

Peng et a
NPs conjugated with Cy7 dye (773 nm free Cy7 emission
maximum) for targeting, imaging and therapy of cancer.
After injection with the Cy7 conjugated NPs, the in vivo
fluorescence imaging investigation of nude mice bearing
A549 cells (human alveolar epithelial carcinoma) con-
cluded a maximum fluorescence emission at 8 h after the
treatment. The in vitro study conducted by Zhu et al’* with
US87MG cells (human primary glioblastoma) revealed an
increase of 2.4-fold of the fluorescence intensity observed
after treatment with transferrin-based 1CG-loaded NPs in
comparison with the fluorescence signal of cells treated
with free ICG (830 nm free ICG emission maximum). At
24 h post injection of NPs and free ICG to nude mice
bearing US7MG cells, in vivo studies showed an impress-
ive 38-fold increase of the fluorescence signal in the
tumour site for the group treated with transferrin-based
ICG loaded NPs vs free ICG (Figure 6). Moreover, for
mice with orthotopic brain tumours no fluorescence signal
was detected when treated with free ICG, in contrast with

the transferrin-based NPs treated group that showed the
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maximum fluorescence intensity 24 h after injection.
These results support their ability to cross the blood-
brain barrier and their enhanced targeting and tumour
penetration capabilities.

Silk proteins, the products of diverse silkworms, are
naturally biodegradable and biocompatible polymeric bio-
materials, with a molecular weight of around 83 kD.””
Thanks to their auspicious properties against thermal dena-
turation, dissolution and enzymatic degradation, silk-based
NPs can be used as carriers for drugs and other therapeutic
agents in biomedical and pharmaceutical applications.
Another advantage of silk protein is the abundance of
amino acids with functional groups in their structure that
facilitate their bioconjugation with various targeting

ligands.”® Liu et al®’

investigated in vivo the accumulation
at the tumour site of NIR-797 isothiocyanate-loaded silk
NPs conjugated with iRGD-EGFR recombinant protein
for specific targeting (814 nm free NIR-797 isothiocyanate
emission maximum), and a control group without targeting
properties. Balb/c (nu/nu) mice subcutaneously injected
with HeLa cells (human cervical carcinoma) presented
fluorescence signal at the tumour site 4 h post injection
with both fluorescent silk-based NPs. However, mice trea-
ted with the specific targeting NPs group reached the
maximum fluorescence intensity and accumulation at the
tumour site 24 h after injection, while the control group
achieved maximum fluorescence intensity after 144 h. At
168 h post administration, ex vivo investigations con-
firmed similar fluorescence signal in the tumour and liver
for non-targeting silk NPs, while for the iRGD-EGFR
recombinant protein-conjugated silk-based NPs, the fluor-
escence signal emitted from the liver was lower than that
coming from the tumour; no significant fluorescence emis-
sion was found in other tissue for both groups of NIR-797
isothiocyanate-loaded silk NPs.

Virus-derived proteins (with molecular weight ranging
from 16 to 80 kDa®®) gained attention as nano agents for
their suitable characteristics in a large variety of biological
and medical applications, such as diagnosis, therapy and
disease prevention.”” Of course, for the manufacture of
virus-derived NPs only the noninfectious part of the
virus protein is used. Their stability, biocompatibility and
their ability to deliver biomolecules, enzymes, drugs, and
other bioactive molecules made virus-derived NPs broadly
used as nanocarriers and for vaccine design.*> Hu et al’®
studied tobacco mosaic virus-based NPs loaded with the
NIR Cy7.5 dye (808 nm free Cy7.5 emission maximum)
in vitro with PC3 cells (human prostate carcinoma) and

in vivo in nude mice subcutaneously injected with the
same cell line. Since PC3 cells present on their surface
an overexpression of a,f; integrin, the cells and mice were
treated with control fluorescent virus-based NPs (non-
targeting) and NPs bioconjugated with an Asp-Gly-Glu-
Ala peptide for specific targeting. The in vitro investiga-
tions revealed a 1.5-fold increase of the fluorescence sig-
nal for the cells treated with the targeting NPs, and
a fluorescence intensity dependent on the concentration
of the NPs administered was observed for cells treated
with both targeting and non-targeting virus-based NPs. In
vivo studies concluded that maximum accumulation of the
fluorescent virus-based NPs in the tumour site occurs 6
h after the injection, measuring a 2.5-fold enhancement in
the fluorescence intensity for the group treated with the
targeting NPs. The ex vivo fluorescence imaging con-
firmed the difference in the fluorescence intensity in
tumour and other tissues.

Albumin-based NPs have also been investigated for
loading NIR cyanine dyes as imaging agents in different
kinds of biomedical applications. Cy5-loaded HSA-based
NPs conjugated with the photo-activatable Pt(IV) antitu-
mour prodrug (667 nm free Cy5 emission maximum) have
been synthesized and studied in vitro by Li et al’® with
A2780 and A2780 cisplatin-resistant cells (human ovarian
carcinoma). The localized activation by UV light irradia-
tion of photoactive Pt(IV) drug within the tumour causes
cellular death and generates the activation of caspase 3,
leading to the turn-on fluorescence effect of CyS5. In this
manner, Li et al archived real-time NIR imaging on con-
trolled drug release together with the assessment of paral-
lel antitumour effects. Chen et al'® loaded both ICG and
Cy5.5 onto HSA-based NPs to investigate the in vitro
(Cy5.5 as imaging agent) and in vivo (ICG as imaging
agent) cellular internalization and tumour accumulation
with MCF-7 cells (human breast adenocarcinoma) and in
nude mice subcutaneously injected with MCF-7 cells,
respectively. The in vitro imaging investigations demon-
strated the colocalization of the fluorescent HSA-based
NPs and lysosomes indicating endocytosis as the preferred
pathway for cellular uptake of the NPs. The fluorescence
intensity of the HSA-based NPs in cells increased over
time. The circulation time in vivo of free ICG solution was
determined to be up to 8 h, in contrast to the circulation
time of ICG when loaded to HSA NPs, even more than 24
h after injection. The maximum fluorescence intensity at
the tumour site of the ICG-loaded HSA NPs was measured
8 h after administration. Ex vivo fluorescence imaging
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confirmed the increased tumour accumulation of the HSA-
based NPs in comparison with other major organs. The
in vitro cellular uptake and in vivo tumour targeting abil-
ities of ICG-loaded albumin-based NPs with MCF-7 cells
(human breast adenocarcinoma) have been also studied by
Xu et al.'”" The cellular internalization of the 100 nm in
diameter ICG-loaded BSA NPs has been compared with
a group of cells treated with ICG-loaded BSA NPs con-
jugated with a cell-penetrating peptide (KALA), and
a third group of cells treated with ICG-loaded BSA NPs
conjugated with KALA and a tumour-targeting aptamer
(AS1411). As anticipated, the properties of KALA to
destabilize the lipid membrane of cells leads to a more
abundant internalization of the NPs, in comparison with
cells treated with the nonconjugated fluorescent BSA-
based NPs. However, the highest fluorescence signal was
measured for the cells treated with ICG-loaded BSA NPs
conjugated with KALA and AS1411, thanks to the binding
capability of the aptamer with the overexpressed nucleolin
in MCF-7 cells. In vivo investigations on tumour bearing
mice revealed a maximum of the fluorescence intensity at
the tumour site 8 h post injection with the ICG-loaded
BSA NPs conjugated with KALA and AS1411, and at 24
h after administration, the fluorescence signal remains
relatively strong. The ex vivo fluorescence imaging of
the tumour and other major organs concluded a better
accumulation of the ICG-loaded BSA NPs conjugated
with KALA and AS1411 in the tumour. Sahu et al'®?
developed 33 nm BSA-based NP loaded with ICG and
studied in vivo their biodistribution and tumour targeting
ability in contrast with free ICG solution, by NIR fluores-
cence imaging in athymic nude mice subcutaneously
injected with SCC7 cells (murine squamous carcinoma).
At 3 h after the treatment with free ICG solution, a high
fluorescence intensity was observed in the liver of the
mice and it slowly decreased over time indicating a short
circulation time for free ICG. Also, only a weak fluores-
cence signal was measured 24 h post injection at the
tumour site. In contrast, while a strong fluorescence signal
was observed through the whole body at 3 and 6 h post
administration of the ICG-loaded BSA NPs, at 12 and 24
h after the injection, in all mice, the highest fluorescence
intensity was observed at the tumour site. Ex vivo NIR
imaging at 24 h post treatments revealed a low fluores-
cence signal in all major organs and a high accumulation
of the ICG-loaded BSA NPs in the tumour, in contrast
with tumours from mice treated with free ICG, that

presented a low fluorescence intensity in tumours and
higher intensities in other organs, eg liver, lung.

A widely studied NIR contrast agent for the fluores-
cence imaging of a broad variety of cancer types are the
versatile, biocompatible, and biodegradable ICG-loaded
HSA NPs. These albumin-based NPs have been designed
in different sizes and have been functionalized with var-
ious ligands in order to optimize and study in vivo and
in vitro their targeting and delivering performances and
offer the possibility of better and personalized treatments
in the near future. Chen et al'®® and Sheng et al'® inves-
tigated the in vivo tumour accumulation and biodistribu-
tion of ICG-loaded HSA NPs intravenously injected into
nude mice bearing tumours, after being subcutaneously
injected with 4T1 cells (murine mammary carcinoma).
Both studies reported a prolonged blood circulation half-
life of ICG-loaded HSA NPs compared to the half-life of
free ICG, probably mediated by the EPR effect consider-
ing the increased sizes of the HSA-based NPs correlated to
the size of the free dye molecules. The prolonged half-life
of the ICG-loaded HSA NPs is once again brought to light
in both studies by the ex vivo fluorescence imaging inves-
tigations at 24 h after treatments; the ICG accumulation in
tumours when loaded onto HSA-based NPs is significantly
increased compared to other major organs, as well as in
contrast to tumours collected from mice treated with free
ICG solution or ICG-HSA complex solution. In addition,
Sheng et al considered the in vitro cellular uptake of free
ICG and ICG-loaded HSA NPs with 4T1 cells. At 3 h after
incubation, cells treated with the free ICG solution showed
weak fluorescence intensity in parallel with cells treated
with the ICG-loaded HSA NPs. The in vitro study con-
ducted by Borlan et al'® on NIH:OVCAR3 cells (human
ovarian carcinoma) indicated a good cellular internaliza-
tion of the ICG loaded HSA NPs via endocytic vesicles 24
h after incubation. The in vitro and in vivo behaviour of
ICG loaded HSA NPs conjugated with folic acid, for the
active targeting of the folate receptor alpha present in most
HepG2 cells (human hepatocellular carcinoma) was dis-
cussed in the work of Yang et al.'’ The in vitro investiga-
tions concluded a better cellular internalization for the
cells treated with the ICG loaded HSA NPs conjugated
with folic acid, in comparison with cells treated with free
ICG or untargeted fluorescent HSA-based NPs. The
in vivo fluorescence signal in the tumour site increased
over time for mice treated with either free ICG or targeted/
untargeted NPs, reaching a maximum fluorescence inten-
sity 24 h after administration. Still, at any tested time
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point, the fluorescence intensity for the group treated with
targeted HSA-based NPs was greater than that of the other
two groups. At 24 h post injection, ex vivo fluorescence
imaging of all examined groups related high fluorescence
intensities in the liver.

Heptamethine-Loaded Nanoparticles

For a better stability and fluorescence quantum yield than
the FDA approved and widely used ICG fluorophore,
Rong et al'®” designed a heptamethine CySCOOH dye
(840 nm free CySCOOH emission maximum) by the
introduction of a rigid cyclohexenyl ring to the hepta-
methine chain, and covalently conjugated the NIR dye to
HSA-based NPs. The in vivo efficiency as NIR imaging
agents of CySCOOH-loaded HSA NPs, in parallel with
free CySCOOH solution, was investigated in nude mice
subcutaneously injected with MCF-7 cells (human breast
adenocarcinoma). At only 10 minutes post administration,
both tested groups presented fluorescence signal through
the whole body, and, in time, an increase of the fluores-
cence intensity in the tumour site and a decrease of the
signal in the whole body was observed for the CySCOOH-
loaded HSA NPs group. In time, the mice injected with
free CySCOOH solution presented a decrease in the fluor-
escence signal in the whole body, thus at 1 h post admin-
istration, a high percentage of the dye is localized in the
spleen and is eliminated from the circulation in less than
24 h. HSA-based NPs have also been complexed with
a newly developed NIR dye, with high fluorescence inten-
sity and preferential accumulation within malignant
tissue,'*”® precisely IR780 iodide (810 nm free IR780
jodide emission maximum), by Han et al.'% In vitro fluor-
escence imaging with BxPC-3 cells (human pancreatic
carcinoma) confirmed the cellular uptake of the IR780-
loaded HSA NPs once the fluorescence intensity in the
cytoplasm of the cell enhanced over time. The fluores-
cence signal of IR780-loaded HSA NPs examined by
in vivo NIR imaging on nude mice subcutaneously
injected with BxPC-3 cells remained very strong within
the tumour even 72 h after administration. IR780-loaded
transferrin NPs have been investigated by Wang et al''”
with CT26 cells (murine colorectal carcinoma) and the
noncancerous 1929 cells (murine fibroblast) for control,
as imaging agents for specific targeting of cancerous cells
due to their ability to bind to the transferrin receptors
exposed on the surface of most cancerous cells, in contrast
to normal cells. In vitro fluorescence imaging experiments
showed an increased fluorescence intensity after an

incubation of 2 h for the CT26 cells treated with IR780-
loaded transferrin NPs, compared with the control cells.
The in vivo tumour accumulation and biodistribution was
evaluated on mice subcutaneously injected with CT26
cells, after the administration of the IR780-loaded trans-
ferrin NPs. The fluorescence signal in the tumour site
came to a maximum at 48 h after administration. Ex vivo
imaging 24 h post injection indicated an enhanced accu-
mulation of the IR780-loaded transferrin NPs in the
tumour than in other major organs.

Cohen et al''""''? synthesized and loaded a carboxylic
acid derivative of the IR783 dye (CANIR) to HSA-based
NPs and then covalently conjugated them with diverse
ligands (anti-carcinoembryonic antigen antibodies (anti-
CEA), peanut agglutinin (PNA)) for the detection of
colon tumours (818 nm free CANIR emission maximum).
The in vitro cellular uptake and active targeting of
CANIR-loaded HSA NPs has been investigated with
three different lines of human colorectal adenocarcinoma
cells: the CEA overexpressing LS174T cells and HT29 cell
group, with CEA exposed to
a significantly lower degree. SW480 cells were used as

line as a control
a control group with low expression of the Thomsen—
Friedenreich antigen (PNA binds preferentially to it), an
antigen upregulated in numerous colorectal adenocarci-
noma cell lines, including LS174T and HT29 cells. The
fluorescence intensity of the LS174T cells treated with the
CEA targeting CANIR-loaded HSA NPs was above the
fluorescence intensity measured for the CEA nontargeting
NPs, and 6 times higher in comparison with the control
group, the HT29 cells treated with CANIR-loaded HSA
NPs conjugated with anti-CEA. Similar performances
were observed for LS174T and HT29 cells when treated
with CANIR-loaded HSA NPs conjugated with PNA,
a much-increased fluorescence intensity (7 times greater)
in relation to the fluorescence signal measured for the
control SW480 cells after treatment with the same HSA-
based NPs. In vivo investigations on Sabra rats with
DMH-induced polyps treated with CANIR-loaded HSA
NPs conjugated with PNA showed high accumulation of
the NPs at the tumour site, measuring a fluorescence inten-
sity 15.5 times higher in comparison with the fluorescence
intensity of the surrounding non-cancerous tissue. Nude
mice with orthotopic-tumours originate from injection of
LS174T cells to the colon wall, were treated with CANIR-
loaded HSA NPs conjugated with PNA in order to deter-
mine the optimal recovery time between NPs administra-
tion and fluorescence imaging of the colon tumours.
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Cohen et al concluded that for a good fluorescence signal
(of the tumour site) to background (the surrounding non-
cancerous tissue) ratio a 4 h recovery time is needed when
imaging colorectal cancer.

Over the past few years, the fluorescence imaging
properties of IR825 loaded HSA NPs have been studied
both in vitro and in vivo in different settings. Chen
et al'"® examined with 4TI cells (murine mammary
carcinoma) the in vitro cellular uptake of IR825 loaded
HSA NPs and their position relative to lysosomes, indi-
cating a time-dependent internalization mediated by
endocytosis. After administrating IR825 loaded HSA
NPs to tumour-bearing mice, fluorescence images with
good contrast of the tumour site were noticed 1 to 12
h post injection, with the maximum fluorescence signal
measured 2 h after the administration of the HSA-based
NPs. The good accumulation of the IR825 loaded HSA
NPs into the tumour at 2 h after the injection, in com-
parison with other major organs, was also confirmed by
ex vivo fluorescence imaging. The time-dependent cel-
lular internalization of HSA-based NPs loaded with
IR825 was also demonstrated in a different study by

Chen et al''* with 4T1 cells (murine mammary carci-
noma). When mice subcutaneously injected with 4T1
cells were administered with IR825 loaded HSA NPs,
in addition to the expected fluorescence signal measured
for the tumour site, the NIR fluorescence imaging inves-
tigations revealed a strong fluorescence intensity for the
sentinel lymph node nearby the tumour site, reaching
a maximum at 30 min post administration. The good
accumulation of the IR825 loaded HSA NPs in the
sentinel lymph node was also confirmed by ex vivo
imaging. Gao et al''> examined the in vitro cellular
uptake of IR825 loaded HSA NPs in parallel with free
IR825 solution, with A549 cells (human alveolar epithe-
lial carcinoma). At any given incubation time tested, the
fluorescence signal of the cells treated with the free
IR825 solution was much lower than that of cells treated
with the IR825 loaded HSA NPs. These results are
confirmed by in vivo fluorescence imaging investiga-
tions carried out on tumour bearing mice, after admin-
istration with free IR825 solution and IR825 loaded
HSA NPs. The control group treated with free IR825
showed low fluorescence intensity in the tumour site,

Table 2 Features and Use of Protein-Based NP Loaded with Squaraine, Porphyrin and Phthalocyanine NIR Dyes for Interventional

Fluorescence Imaging of Cancer in Preclinical Studies

Fluorophore NIR Emission Protein | Size | In vitro Preclinical in vivo | Preclinical in vivo (ex | Ref.
Class Fluorophore | Maximum (nm) | NIR (ex vivo) NIR vivo) Imaging Setup
(nm) Imaging Imaging Model
Cell Line
Squaraine lodine- 713'% BSA I KB Female Balb/c nude | 680 nm excitation; [84]
substituted mice subcutaneously | Maestro in vivo imaging
squaraine injected with KB system
cells
Porphyrin Pheophorbide- | 675'® BSA 182 BI6FIO0 Balb/c athymic nude 605-720 nm emission [85]
a and MCF-7 | mice subcutaneously | filter; IVIS optical
injected with MCF-7 | imaging system
cells
Chlorin e6 668'3° HSA 50 US7MG Female nude mice 661 nm excitation; [86]
and subcutaneously 700-850 nm emission
100 injected with filter; Maestro in vivo
U87MG cells imaging system
Chlorin e6 668'3° HSA 100 | 4TI Male Balb/c athymic | 605 nm excitation; 635 | [87]
nude mice nm emission filter;
subcutaneously Maestro in vivo imaging
injected with 4T1 system
cells
Phthalocyanine | Zinc 678'33 BSA 45 Hela - - [88]
phthalocyanine
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while imaging investigations of the IR825 loaded HSA
NPs group indicated a strong fluorescence signal in the
tumour after only 1 h post administration, reaching the
maximum intensity 18 h post administration. Tables 2—4
summarize the total of protein-based NPs loaded with
NIR dyes discussed in section 3, the loaded fluorophore
class, protein, size of the NPs and the types of cancer
cells targeted for in vitro, in vivo and ex vivo fluores-
cence imaging.

Clinical Trials Involving the Use of
NIR Contrast Agents for
Interventional Fluorescence

Imaging of Cancer
Despite the impressive number of newly developed NIR
fluorescent nanoagents with promising outcomes in pre-

. . 116,11
clinical studies,'!%!”

most optical agents approved by
FDA for fluorescent image-guided cancer surgery in clin-
ical trials are free fluorescent agents (Table 5), typically
with small hydrodynamic diameters, poor quantum yields
and low photostability. IRDye 800CW is a cyanine dye
(794 nm free IRDye 800CW emission maximum''®) that
received a lot of attention over the past couple of years as
an NIR fluorescent agent in numerous clinical studies that
evaluate the safety and diagnostic performance or aim to
improve the detection of malignant lesions (even prema-
lignant lesions in some cases) during interventional fluor-
escence imaging of different types of cancer, eg lung
cancer (NCT04459065), head and neck cancer
(NCT04511078; NCT01987375), oesophageal cancer and
Barrett’s Oesophagus (NCT02129933; NCT03877601),
colorectal cancer (NCT04101292), pituitary carcinoma
(NCT04212793) and brain tumour (NCT04085887).

The benefits of using fluorescence imaging for the
early detection of oesophageal adenocarcinoma lesions
and dysplasia are brought to light in the work of
Nagengast et al''® (NCT02129933), bevacizumab-IRDye
800CW being the drug of choice for 14 patients with
Barrett’s oesophagus. Before undergoing NIR fluorescence
molecular endoscopy combined with endoscopic mucosal
resection, the two compared administration routes of bev-
acizumab-IRDye 800CW to patients were systemic or
topical tracer administration. Employing IRDye 800CW
as a NIR fluorescent agent helped to identify typically
challenging to distinguish and flat lesions, while the topi-
cal administration procedure enhanced the early detection
of oesophageal adenocarcinoma lesions by 33%, with

respect to high-definition narrowband imaging and white-
light endoscopy. Moreover, the specimen obtained from
the patients in the systemic administration of bevacizu-
mab-IRDye 800CW approach group presented a tumour-to
-background ratio (TBR) of 16.7. In the clinical study
presented by Rosenthal et al'** (NCT01987375), a total
of 12 patients with various origins of head and neck cancer
received different doses of cetuximab-IRDye 800CW
(herein 2.5 mg/m?, 25 mg/m* and 62.5 mg/m?). In situ
NIR fluorescence imaging of the cancerous tissue revealed
a mean TBR of 4.3 for the patients in the 25 mg/m? dose
group, and a 5.2 mean TBR for the 62.5 mg/m” dose
group. The ex vivo NIR fluorescence imaging and pathol-
ogy report of the obtained specimen were analysed and
compared, confirming a good correlation between the
fluorescence intensity of IRDye 800CW and tumour
deposition (Figure 7).

The NIR fluorescent drug cRGDY-PEG-Cy5.5-C dots
has been investigated for the first time in a clinical trial
(NCT02106598) for patients with head and neck mela-
noma, breast cancer and colorectal cancer. The experimen-
tal CyS5.5 dye-labelled particle drug has been injected
before or during the surgery around the primary tumour
sites, aiming to assess their potential in discriminating
between diseased and non-diseased sentinel lymph nodes.
The quality of the fluorescence image contrast for the
detection of sentinel lymph nodes was considered regard-
ing their measured TBRs. Furthermore, the nodal speci-
mens obtained after the finalization of the neck dissection
have been scrutinized ex vivo to calculate the true and
false-positive rates for NIR fluorescence cancer imaging
and detection.

Another NIR drug, namely OTL-38 (796 nm free OTL-

38 emission maximum

) is a folate analogue ligand
conjugated with an NIR indole cyanine-like green dye
and has been studied in clinical trials as a fluorescent
agent for the NIR image-guided surgery of cancer (lung
cancer: NCT04241315, NCT02872701; ovarian cancer:
NCT03180307). Hoogstins et al'?! reported the feasibility
of the real-time interventional NIR fluorescence imaging
infused OTL-38 as

a fluorescent agent in 12 patients with ovarian cancer

procedure using intravenously
prior to the cytoreductive surgery. The NIR fluorescence-
based imaging procedure enhanced the detection of malig-
nant lesions beneath the targeted tissue surface (up to
8 mm). During the whole procedure, the average measured
TBR was constant, 4.4, and a sum total of 62 lesions were

resected and confirmed via histopathology as true
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Table 4 Features and Use of Protein-Based NP Loaded with Cyanine — Heptamethine NIR Dyes for Interventional Fluorescence

Imaging of Cancer in Preclinical Studies

Fluorophore NIR Emission Protein Size | In vitro Preclinical in vivo (ex Preclinical Ref.
Class Fluorophore | Maximum (nm) | NIR vivo) NIR Imaging in vivo (ex vivo)
(nm) Imaging | Model Imaging Setup
Cell
Line
Cyanine - CySCOOH 840 HSA 39 - Athymic nude mice Maestro in vivo [107]
Heptamethine subcutaneously injected imaging system
with MCF-7 cells
IR780 iodide | 810'%° Transferrin | 65 CT26 Male Balb/c mice 735 nm [110]
subcutaneously injected excitation;
with CT26 cells 780-900 nm
emission filter;
IVIS optical
imaging system
IR780 iodide 810 HSA 6 BxPC-3 Balb/c nude mice 745-785 nm [109]
subcutaneously injected emission filter;
with BxPC-3 cells Maestro in vivo
imaging system
IR783 — 8lg''? HSA 100 | LSI74T, Male Sabra rats 780 nm [rn
carboxylic HT29 and | subcutaneously injected excitation; 800
acid derivative SW480 with the carcinogen nm emission
dimethylhydrazine (DMH) filter; Odyssey
for colon polyp formation infrared imaging
system;
IR783 — 818 HSA 100 - Nude mice with 780 nm [112]
carboxylic orthotopic-tumours excitation; 800
acid derivative originated from LS174Tand | nm emission
HT29 cells filter; Odyssey
infrared imaging
system;
IR825 - HSA 8 4TI Female nude mice Maestro in vivo [114]
subcutaneously injected imaging system
with 4T1 cells
IR825 - HSA 29 A549 Nude mice subcutaneously | — [115]
injected with A549 cells
IR825 - HSA 5-10 | 4TI Female nude mice and Balb/ | 600 nm [113]
c mice subcutaneously excitation;
injected with 4T cells Maestro in vivo
imaging system

positives. Employing palpation and standard inspection
methods alone, only 71% of the resected malignant lesions
were detected.

Considering that ICG is one of the only two NIR
fluorophores approved by the FDA for human use in
a limited number of medical investigations, the imposing

number of completed and ongoing interventional NIR

fluorescence imaging clinical trials using ICG as the fluor-
escent agent is no surprise. Alone or in combination with
other contrast agents, in recent years ICG has been the
chosen NIR fluorescent agent in clinical studies for the
intraoperative imaging and detection of a remarkable vari-
ety of cancer types, eg breast cancer (NCT03579979,
NCT03619967, NCT02084784, NCT03735680), sentinel
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Figure 7 Real-time in situ NIR fluorescence imaging with bevacizumab-IRDye 800CW drug and high-definition endoscopy of oesophageal adenocarcinoma lesions.
Dysplastic area missed during high-definition narrowband-imaging and white-light endoscopy inspection. Reproduced from Near-infrared fluorescence molecular endoscopy
detects dysplastic oesophageal lesions using topical and systemic tracer of vascular endothelial growth factor A. Nagengast WB, Hartmans E, Garcia-Allende PB, et al. Gut.

68(1):7-10. Copyright 2019, with permission from BMJ Publishing Group Ltd.""®

lymph nodes (NCT03579979, NCT02084784), peritoneal
carcinomatosis and gastric cancer (NCT(04352894), endo-
metrial and cervical cancer (NCT04246580), non-small
cell lung cancer (NCT03953144, NCT03735680), primary
neoplasm (NCT03953144), rectal cancer (NCT03854890),
uveal melanoma liver metastasis (NTR3869), colorectal
cancer liver metastasis and hepatocellular carcinoma
(NTR2213), head and neck squamous cell carcinoma, col-
orectal cancer, prostate cancer, ovarian cancer, and urothe-
lial carcinoma (NCT03735680). In his work, He et al'*
(NCT02084784) examines the safety and efficacy of using
ICG for the real-time NIR fluorescence-guided sentinel
lymph node biopsy of breast cancer in 98 female patients,
as to the standard-of-care blue dye method, using MB
staining. Patients received MB and ICG injections before
the start of the surgery, offering the possibility to detect by
percutaneous fluorescence imaging the lymphatic drainage
and potential nodes prior to incision. Thus, the adminis-
tration of ICG gave the patients the advantage of minimal
incision, higher tissue penetration, enhanced detection rate
(99% using the ICG method vs 92% for MB) and precise
resection of the malignant tissue.

In pursuance of better retention of the drug of interest
at the tumour site and higher quantum yields, a number of
clinical trials in interventional NIR fluorescence imaging
focus their attention on the binding of ICG with HSA
molecules (ICG:HSA). In addition to the study presented
by He et al,'** Troyan et al'** introduced the use of ICG:
HSA as the fluorescent agent for the NIR fluorescent
mapping of the sentinel lymph nodes during surgery,
instead of using free ICG molecules. Due to the increased
hydrodynamic diameter of the drug, as a result of the
complex of the ICG dye and the 7 nm HSA protein
molecules, the ICG:HSA method ensued in better NIR
fluorescence contrast and enhanced retention of the fluor-
escent agent within the sentinel lymph nodes during real-
time NIR image-guided surgery of cancer. In another
clinical study, Verbeek et al'** compared the use of free
ICG vs ICG:HSA as optical agents for NIR fluorescent
sentinel lymph node mapping (Figure 8) in 36 patients
with vulvar cancer. The use of the ICG:HSA complex
turned out to be 25% more efficient in detecting sentinel
lymph nodes during real-time interventional NIR fluores-
cence imaging, as to the use of free ICG.
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Figure 8 Real-time in situ NIR fluorescence imaging with ICG as the contrast agent of sentinel lymph nodes in vulvar cancer patients. Reproduced from Sentinel lymph node
biopsy in vulvar cancer using combined radioactive and fluorescence guidance. Verbeek FPR, Tummers QR|G, Rietbergen DDD, et al. Int | Gynecol Cancer. 25:1086—1093.

Copyright (2015), with permission from BM] Publishing Gorup Ltd.'**

At last, the emerging need of implementing in clinical
trials a new generation of fluorescent agents for a better
intratumoural internalization of the drug of interest and
higher TBRs during surgery, based on the same NIR dyes
or new ones, but loaded within nanostructures, such as NPs,
is undeniable. Moreover, it is worth bearing in mind that out
of over 60 NPs that are now approved by the FDA in

7 most of the NPs involved in clinical studies

clinical trials,
in oncology are organic NPs.'** Thus, with diameters in the
optimal range (10-300 nm'®) to undergo EPR-mediated
passive targeting, a versatile surface chemistry offering the
possibility of active targeting of the tumours, and countless
preclinical studies proving their biocompatibility and effi-
ciency as fluorescent agents, NIR fluorescent protein-based
NPs exhibit bright potential as contrast agents for the real-

time NIR fluorescence imaging of cancer in clinical trials.

Conclusions
The top-notch works summarized in this review acknowledge
the versatility, biocompatibility and limitless functionalization

possibility of protein-based NPs as the next generation of NIR
imaging agents. The encapsulation or conjugation of NIR dyes
to diverse protein-based NPs overcame the drawbacks of using
free fluorophores for NIR imaging investigations (eg poor
photostability and quantum yield, hydrophobicity and aggre-
gation) resulting in impressive enhancement, 80-fold in solu-
tion, of the fluorescence intensity of iodine-substituted
squaraine dye when loaded onto protein-based NPs, in com-
parison with the free dye solution. In comparison to mice
treated with free ICG, a 38-fold increase in the fluorescence
signal was observed in the cancerous tissue of mice treated
with protein-based NPs loaded with ICG. Thus, fluorescent
protein-based NPs loaded with various NIR dyes present
prolonged blood circulation time and enhanced accumulation
in the tumour site, thanks to their enlarged size in comparison
to free dye molecule and their surface chemistry and ability to
bind with specific cancer ligands for an active targeting. The
feasibility of NIR fluorescent protein-based NPs as contrast
agents for the real-time interventional NIR fluorescence ima-
ging of cancer in clinical trials was demonstrated by
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comparison to completed and ongoing clinical trials concern-

ing fluorescent agents for cancer surgery, their biocompatibil-

ity being testified by a notable number of preclinical animal

studies. Overall, it may be said that NIR dye loaded protein-
based NPs have the potential to be translated in the near future
as imaging agents for real-time NIR fluorescence-guided can-

cer surgery.
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