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Developing technologies that allow the simultaneous diagnosis and treat-
ment of cancer (theragnostic) has been the quest of numerous interdis-
ciplinary research teams. In this context, nanomaterials incorporating
prototypic near infrared (NIR)-light responsive heptamethine cyanines have
been showing very promising results for cancer theragnostic. The precisely
engineered features of these nanomaterials endow them with the ability

to achieve a high tumor accumulation, enabling a tumor’s visualization

by NIR fluorescence and photoacoustic imaging modalities. Upon interac-
tion with NIR light, the tumor-homed heptamethine cyanine-incorporating
nanomaterials can also produce a photothermal/photodynamic effect with

a high spatio-temporal resolution and minimal side effects, leading to an
improved therapeutic outcome. This progress report analyses the application
of nanomaterials incorporating prototypic NIR-light responsive heptamethine
cyanines (IR775, IR780, IR783, IR797, IR806, IR808, IR820, IR325, IRDye
800CW, and Cypate) for cancer photothermal therapy, photodynamic therapy,
and imaging. Overall, the continuous development of nanomaterials incorpo-
rating the prototypic NIR absorbing heptamethine cyanines will cement their

physicochemical properties that confer
them with the ability to preferentially accu-
mulate within the tumor.?l Afterward, the
tumor zone is externally irradiated with
light and the tumor-homed nanomaterials
can absorb it. Upon interaction with light,
these nanomaterials can produce a tem-
perature increase (photothermal therapy
(PTT)) and/or reactive oxygen species
(photodynamic therapy (PDT)), which can
cause damage toward cancer cells.l’} The
use of near infrared (NIR; 750-1000 nm)
light to irradiate these nanomaterials is
crucial since this type of radiation has
minimal/insignificant interactions with
the biological components (e.g., proteins,
melanin, water).*?! In this way, nanoma-
terials’ mediated phototherapies using
NIR light can induce a therapeutic effect
with high spatial-temporal resolution and
minimal side effects.”~]

phototheragnostic capabilities.

1. Introduction

The development of devices that simultaneously allow the diag-
nosis and treatment (theragnostic) of cancer has been the focus
of different studies performed by worldwide researchers. In
this context, light-responsive nanomaterials with theragnostic
capabilities have been displaying promising results toward
both in vitro and in vivo preclinical cancer models.!l This
therapeutic modality employs nanostructures with well-defined
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These nanostructures can also emit

fluorescence upon interaction with the

NIR light, enabling their use in NIR fluo-

rescence imaging.”1% Moreover, the photoinduced heat gener-

ated by these nanomaterials can also produce acoustic waves,

enabling tissues’ visualization through photoacoustic imaging

(PAI).Y This cutting-edge modality allows a higher penetra-

tion depth and resolution than fluorescence imaging by taking

advantage from the acoustic waves’ lower scattering in tissues
and the high penetration depth of NIR light.[?11]

Among the different nanomaterials used for photother-
agnostic applications, those formulated by encapsulating
NIR responsive small molecules in nanostructures (e.g.,
micelles, liposomes, porous nanostructures) have been dis-
playing promising results.?! In this regard, indocyanine green
(ICG) loaded nanomaterials have been by far one of the most
studied, since this dye is currently approved by the Food and
Drug Administration (FDA) for angiography. Moreover, ICG
loaded nanomaterials can be used for cancer PTT/PDT!*!% as
well as for imaging.['¥! Furthermore, ICG loaded nanostruc-
tures are also easier to formulate when compared to the inor-
ganic-based phototheragnostic nanoagents.'*! Nevertheless,
ICG has a low photostability and a low fluorescence quantum
yield.212 Such has motivated the encapsulation of other hep-
tamethine cyanines (e.g., IR780, IR808, IR825) that exhibit
improved optical properties in nanostructures for cancer
phototheragnostic.['”]
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In this progress report, the application of nanomaterials
incorporating prototypic NIR responsive heptamethine cya-
nines for cancer PTT, PDT and imaging is analyzed. Initially,
the different NIR responsive heptamethine cyanines are
reviewed, emphasizing their optical properties and limitations
(Section 2). Afterward, the encapsulation of IR780 (Section 3.1),
Cypate (Section 3.2), IR808 (Section 3.3), IR820 (Section 3.4),
IR825 (Section 3.5), and other heptamethine cyanines (IR775,
IR783, IR797, IR806, IRDye 800CW - Section 3.6) in nanoma-
terials for cancer phototheragnostic is discussed. Finally, an
outlook about the state of the art and the future directions are
presented (Section 4). For the sake of brevity, the encapsulation
of ICG in nanomaterials will not be analyzed since it has been
extensively reviewed elsewhere.[1¢]

2. Heptamethine Cyanines: Properties and
Limitations

The FDA-approval of ICG has propelled the use of this NIR
absorbing small molecule belonging to the heptamethine
cyanine family in cancer theragnostic (reviewed in detail in
ref. [2])-Figure 1. However, ICG displays critical limitations
such as low photostability, rapid blood clearance (within min-
utes), and inability to specifically target the cancer cells.!'Z

To bypass these limitations, researchers have been inves-
tigating the potential of other prototypic NIR-absorbing hep-
tamethine cyanines for theragnostic applications. When
compared to ICG, some of these NIR dyes have improved
optical properties, thus displaying enhanced imaging and ther-
apeutic capabilities (Table 1). For instance, IR780 has a higher
molar extinction coefficient (265 000-330 000 m! cm™, at
780 nm)!”l than ICG (115 000-204 000 M~! cm™, at
785 nm),’1% having an enhanced interaction with NIR light.
On the other hand, IR783 has a fluorescence quantum yield of
0.084, which is slightly greater than that of ICG and other hep-
tamethine cyanines (Table 1).181 The singlet oxygen quantum
yield of IR780 and IR808 is also superior to that of ICG, ena-
bling stronger photodynamic effects.?% Besides these heptame-
thine cyanines, IR775, IR797, IR806, IR820, IR825, Cypate,
IRDye 800CW, and FD-1080 also have promising optical prop-
erties (please see Table 1 for further details). In the particular
case of IR780, IR783, and IR808, these have been reported to
interact with the organic anionic transporter peptides (OATPs),
which are overexpressed by cancer cells, enabling their use for
tumor imaging?'?* (please note that imaging applications
require the administration of low doses of the imaging agents
(e.g., 0.2-0.3 mg kg 112>20])),

Despite their potential, in general, these prototypic NIR
absorbing heptamethine cyanines have a poor water solubility,
affecting their application for cancer PTT/PDT, in which high
doses need to be administered for attaining complete tumor
ablation.l?”] Furthermore, the hydrophobic character of these
dyes may promote their aggregation during circulation,!?
leading to undesirable side effects. In fact, the potential tox-
icity of these dyes is strongly influenced by their hydropho-
bicity. For instance, IR780 was shown to induce acute toxicity
to healthy mice when administered at a dose of 2 mg kg.12¢!
On the other hand, IR808 (which is less hydrophobic due to its
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carboxylic groups) did not cause appreciable toxicity in normal
mice, when administered at a dose of 150 mg kg1, throughout
7 days.*>] No adverse effects were observed in normal mice that
received a 20 mg kg~! dose of IRDye 800CW carboxylate after a
14 days period.?®! Additionally, IR780, IR808, IR820, IR825, and
Cypate have been reported to suffer from photodegradation,
lowering their potential for continuous tumor monitoring.2°-32

In general, the limitations of these prototypic heptame-
thine cyanines can be surpassed by encapsulating/incorpo-
rating them in nanomaterials.?'*3 In fact, the loading of
these agents in the nanomaterials addresses their solubility
concerns.l193334 For instance, Pais-Silva et al. verified that by
loading IR780 in poly(ethylene glycol) (PEG)-Vitamin E based
micelles, the water solubility of the former increased from
0.4 to 46 pug mL.% The safety of these NIR heptamethine
cyanines is also greatly enhanced through their incorporation
into nanomaterials.l?%36-38] For instance, healthy mice injected
with PEG-IR780-Cy; micelles, at an IR780 dose of 7 mg kg,
did not display toxicity on their major organs nor alterations
on the liver- and kidney-function markers after 30 days.?*! The
toxicology studies regarding IR825 loaded PEG-poly(maleic
anhydride-ali-1-octadecene) (PEG-PMAO) micelles (10 mg kg™)
during 40 days did also not reveal any potential adverse
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Figure 1. Chemical structure of the prototypic NIR absorbing heptamethine cyanines and of ICG. R: available as IRDye 800CW Carboxylate, NHS ester
and maleimide.
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Table 1. Photophysical properties of different agents (including NIR agents) used for cancer related applications. Please note that properties vary

according to the experimental conditions reported.

Name Amax Molar extinction EMpmax Fluorescence quantum Singlet oxygen quantum Tumor Ref.
[nm] coefficient [g v~ cm™] [nm] yield [@] yield [@s0] targeting

Cypate 785 216 000 822 0.065 0.02 - [18]
FD-1080 1012-1044 33 040-73 230 1053-1089 0.18-0.44% - - [75]
ICG 780-785 115 000-204 000 812-822 0.012-0.078 0.008 - [18,19]
IR775 768 92 300% 790 5.1-5.3%%) - - [10,76]
IR780 780 265 000-330 000 798 0.07 0.127 Y [17,23,77]
IR783 782 261 000 810 0.084 0.007 Y [18,24]
IR797 792 444.3b) 805 5.8% 0.0179 - [67,76,78]
IR806 806 390b) 8329 - - - [68,79]
IR808 776-783 306 000 790-816 5.6-5.9% 0.036 Y [20,76,80]
IR820 820 202 000 850 0.044 0.02 - [18]
IR825 825 114 500 - <0.1% - - [39]
IRDye 800CW 774 240 000-410 000 789 0.034 <0.01 - [28,81]

2|R775 loaded mPEG-PCL nanopatrticles; Pvalue in L g™ cm™; 9IR797 modified with acetylacetone; Papproximate value.

effects.’ Furthermore, the encapsulation of the prototypic
heptamethine cyanines in nanostructures can protect them
from degradation, leading to an improved photostability.*0*!]
For example, Zhang et al. verified that the photothermal
capacity of IR825 loaded hollow mesoporous silica nanopar-
ticles is not compromised significantly even after three NIR
irradiation cycles.*”) In another study, Xia et al. observed that
the photothermal effect mediated by free IR820 decreases dras-
tically after the first cycle of laser irradiation, while IR820 incor-
porated within porous silicon nanoparticles display almost no
loss in their photothermal capacity throughout four irradiation
cycles.*1]

As importantly, nanomaterials can present a high tumor-
homing capacity arising from their ability to extravasate
through the tumor leaky vasculature and to take advantage from
the dynamic events occurring in the tumor-associated blood
vessels.[*2l Once on the tumor microenvironment, nanomate-
rials must penetrate the tumor mass and become internalized
in cancer cells.’! In this regard, nanomaterials functionalized
with targeting ligands can achieve a selective uptake by cancer
cells by binding to their overexpressed receptors.3374344 The
ability of the nanomaterials to benefit from these phenomena
is dependent on their physicochemical properties (size, surface
charge, corona composition, and presence of targeting ligands),
which has been reviewed in detail by our and other research
groups elsewhere.l>#]

For instance, Pan et al. observed that nonencapsulated
IR825-NH, could not be used for tumor imaging due to its
low tumor accumulation.[*® In turn, IR825-polymer conjugate
micelles displayed a high tumor uptake, enabling their appli-
cation for cancer theragnostic.*®l In another work, Song et al.
verified that free IR780 and IR780 loaded folic acid (FA)-func-
tionalized PEGylated liposomes present a similar tumor uptake
at 1 day post-injection.*’ However, free IR780 was gradually
cleared from the tumor zone, emitting minimal fluorescence
at the farthest post-injection times. In stark contrast, the IR780
loaded FA-functionalized PEGylated liposomes still remained at
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the tumor site even after 5 days post-injection. Such enabled
continuous tumor monitoring and a photothermal effect that
led to tumor eradication.*’]

In this way, heptamethine cyanine incorporating nanomate-
rials can mediate improved cancer phototheragnostic with min-
imal off-target toxicity (reviewed in Section 3)-Figure 2.

3. Nanomaterials Incorporating Heptamethine
Cyanines for Cancer Phototheragnostic

3.1. IR780 Based Nanomaterials

Nanomaterials encapsulating IR780 have been by far one of
the most extensively used in cancer PTTH! and PDT*Y (see
Table 2). Furthermore, these have also been used for cancer
NIR imaging®¥ and PAI*Y (see Table 3).

Song et al. produced IR780 loaded FA-functionalized
PEG-coated liposomes for cancer theragnostic.*’l The
optical properties of this formulation enabled the tracking
of its biodistribution by NIR fluorescence imaging. Due to
the FA functionalization, these liposomes could achieve an
up to 2.5-fold and 5-fold higher tumor accumulation than
their nontargeted equivalents (PEGylated liposomes) and
free IR780, respectively. Owing to their high tumor-homing
capacity, the FA-functionalized PEGylated liposomes incor-
porating IR780 produced a photoinduced heat up to 50 °C,
leading to tumor eradication using an ultralow dosage of the
formulation (1 mg kg™ of IR780 equivalents). The PTT/PDT
capacity of other IR780 based nanomaterials is summarized
in Table 2.

Nanoformulations incorporating IR780 and other thera-
peutic agents can also be prepared for cancer combinatorial
phototherapy (Table 2).552l In this regard, Yang et al. pre-
pared PEGylated micelles incorporating IR780 and doxorubicin
(DOX) for application in cancer chemo-PTT.P3 These micelles
displayed a pH- and thermo-responsiveness, presenting an
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Photothermal therapy
Photodynamic therapy

Figure 2. Schematic representation of the phototheragnostic capabilities of the heptamethine

cyanine-incorporating nanomaterials.

increased release of the loaded cargo when placed in solu-
tions with an acidic character (i.e., with a pH similar to that
exhibited by the tumor microenvironment) and/or upon NIR
laser irradiation. In vivo, this formulation had a high tumor-
homing capacity, enabling tumor visualization by NIR fluores-
cence imaging and PAI-Figure 3 Furthermore, the synergistic
chemo-PTT mediated by these micelles led to tumor eradica-
tion and inhibition of lung metastasis while the single thera-
pies only led to a reduction of the tumor growth (PTT: IR780
loaded micelles + NIR; chemotherapy: DOX and IR780 loaded
micelles).

3.2. Cypate Based Nanomaterials

Cypate incorporating nanomaterials have also been used for
cancer PTT/PDT™I (Table 4) as well as for tumor visualization
through NIR fluorescence imaging!*) and PAIP4 (Table 3). For
this purpose, Cypate (a carboxylated ICG derivative) has been
mostly loaded into nanostructures3®>>°% or conjugated to poly-
mers in order to attain materials capable of assembling into
nanostructures.”>”-58!

In this context, Miao et al. prepared a PEG-Cypate conju-
gate that was used in the assembly of micelles for application
in cancer PTT/PDT and imaging.’”! In vivo, the PEG-Cypate
micelles achieved a higher tumor uptake than free Cypate, ena-
bling a superior tumor visualization through NIR fluorescence
imaging. Furthermore, the PTT/PDT effect mediated by the
PEG-Cypate micelles induced tumors’ eradication while only a
reduction of tumors’ growth was observed for mice treated with
free Cypate plus NIR light. Table 4 summarizes the PTT/PDT
capacity of other Cypate based nanomaterials.

Adv. Healthcare Mater. 2020, 9, 1901665
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Cypate based nanostructures incorporating
additional therapeutic agents have also been
prepared for application in cancer combina-
torial phototherapy (Table 4). In this regard,
Jia et al. prepared complexes of Melittin (a
HiGH cytolytic peptide) and Cypate, which were
further coated with hyaluronic acid (HA),
for application in cancer chemo-PTT.2? In
vivo, the combined chemo-PTT mediated
by the HA coated Melittin/Cypate complex
nanoagents induced a potent tumor regres-
sion and suppressed the occurrence of lung
metastasis. In contrast, mice treated with the
single therapies only experienced a reduction
in their tumors’ growth and displayed metas-
tasis in the lungs (PTT: free Cypate + NIR
light; chemotherapy: HA coated Melittin/
Cypate complex nanoagents without NIR
irradiation).

3.3. IR808 Based Nanomaterials

Nanomaterials incorporating IR808 (also
known as MHI-148) have also been showing
promising properties for cancer PTT/PDT
as well as for the visualization of tumors
through NIR fluorescence imaging and PAI?!3% (Tables 5
and 3). For this purpose, IR808 (a carboxylated heptamethine
cyanine) has been covalently conjugated to polymeric back-
bones, which are subsequently used in the preparation of IR808
based nanoparticles.?13%:37]

In this context, Li et al. prepared IR808-HA conjugate nano-
particles, which displayed a higher internalization by cancer
cells due to their ability to target the CD44 receptors that
are overexpressed by cancer cells.2% In vivo, the maximum
tumor uptake of free IR808 occurred at 12 h post-injection,
decreasing rapidly afterward. In contrast, the IR808-HA
nanoparticles achieved their highest tumor accumulation at
24 h post-injection and remained at the tumor site for at least
96 h. Due to these facts, the IR808-HA nanoparticles enabled
the visualization of the tumors by NIR fluorescence imaging
during 96 h (and by PAI for at least 48 h). Furthermore, owing
to their high tumor uptake, the PTT mediated by the IR808-
HA nanoparticles induced tumor eradication while the PTT
mediated by free IR808 only led to a reduction of the tumor
growth.

In another work, IR808 was conjugated to the primary amine
groups of poly(ethylenimine) (PEI)-PEG-graphene oxide (GO),
leading to the assembly of nanostructures with photodynamic
potential (conferred by IR808) and enhanced photothermal
capacity (conferred by IR808 and GO).2!l The NIR imaging of
the tumor bearing mice revealed the ability of these nanoma-
terials to accumulate at the tumor site. Afterward, the tumor
zone was irradiated and the PTT/PDT mediated by the IR808-
GO nanomaterials induced complete tumor ablation-Figure 4.
In contrast, the PTT/PDT mediated by free IR808 only induced
a reduction of the tumor growth, which can be explained by its
weaker photothermal effect.
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Table 2. In vivo therapeutic performance of IR780 based nanostructures.
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IR780 based Phototherapy Tumor model Administration Dose? Laser parameters Other therapeutic  Therapeutic Ref.
nanostructures modality route molecules effect
IR780 and DOX loaded PTT 4T1 tumor bearing  intratumoral 20 ug 808 nm; 1.0 W cm™%; DOX Tumor [6]
liposomes®) mice (i.t.) 5 min eradication
IR780 and Ce6° loaded PTT/PDT  CT-26 tumor bearing  intravenous 0.4 mg kg™ 660 nm; 0.04 W cm™2; Ce6 Tumor [82]
HSAY nanoparticles mice (i.v.) of Ce6 15 min eradication
808 nm;
0.533 W cm% 40
IR780 loaded FA func- PTT SKOV-3 tumor i.v. 1 mgkg™! 808 nm; 1.0 W cm2; - Tumor [47]
tionalized PEGylated bearing mice 10 min eradication
liposomes®)
IR780 loaded HA func- PTT/PDT  MDA-MB-231 tumor iv. 1.4 mg kg™ 808 nm; 0.8 W cm™%; - Tumor [83]
tionalized micelles’) bearing mice 10 min eradication
IR780 and DOX loaded PTT 4T1 tumor bearing iv. 0.5 mg kg™ 808 nm; 1.0 W cm™%; DOX Tumor [53]
PEGylated micelles®) mice (3 times) 5 min eradication
(3 times)
IR780 loaded FA-Gra- PTT HeLa tumor bearing iv. 2 mg kg™ of 808 nm; 1.0 W cm™% - Tumor [84]
phene quantum dots mice nanostructures 5 min eradication
RBCM membrane-coated ~ PTT/PDT  MCF-7 tumor bearing i.v. 1.67 mg kg™ 808 nm; 1.5 W cm™%; DTX Tumor [49]
IR780 and DTX) mice (3 times) 5 min eradication
loaded PCL-PEG-PCL
nanoparticles
IR780 and AMD3100 PTT 4T1/Luc tumor iv. 1.4 mg kg™ 808 nm; 1.0 W cm™%; AMD3100 Tumor [85]
loaded liposomes) bearing mice (8 times) 4 min eradication
IR780 loaded CXCR4- PTT 4T1/Luc tumor i.v. 1.4 mg kg™ 808 nm; 1.0 W cm™%; AMD3100 Tumor [86]
targeted liposomes¥ bearing mice (8 times) 5 min eradication
IR780 loaded FA func- PTT U87 tumor bearing i.v. 10 ug 808 nm; 1.0 W cm™%; - Tumor [87]
tionalized PEGylated mice 2 min regression
liposomes"
IR780 and DOX loaded PTT MCF-7/DOX tumor i.v. 20 ug 808 nm; 4.0 W cm™%; DOX Tumor [88]
PEGylated micelles™ bearing mice (twice) 5 min regression
(twice)
RV loaded IR780-BSA°)- PTT CT-26 tumor bearing i.v. 0.5 mg kg™ 808 nm; 0.3 W cm™%; RV Tumor 48]
TiS, nanosheets mice 3 min TiS; regression
IR780 loaded iRGDP)- PDT 4T1 tumor bearing i.v. 0.5 mg kg™ 808 nm; 2.0 W cm™%; Fluorocarbons Tumor [89]
functionalized Dextran- mice 5 min regression
poly(lysine)-based
nanostructures incorpo-
rating fluorocarbons
IR780 and SPION® PTT CT-26 tumor bearing i.v. 1 mgkg™ 808 nm; 1.0 W cm™%; SPION Tumor [90]
loaded PEGylated HSA mice 5 min regression
nanoparticles
IR780 and Ce6 loaded PTT/PDT  Hela tumor bearing i.v. 1.5 mg kg™ 660 nm; 0.5 W cm™%; Ce6 Tumor [57]
TPP-functionalized mice (twice) 5 min regression
PEGylated liposomes" 808 nm; 1.0 W cm™%;
5 min
(twice)
IR780 and DTX loaded PTT/PDT  22RV1 tumor bearing iv. 5 mg kg™ 808 nm; 1.0 W cm™%; DTX Tumor [97]
HSA nanoparticles mice 4 min regression
IR780 and DOX loaded PTT KB tumor bearing i.v. 10 mg kg™ of DOX 780 nm; 1.0 W cm™3; DOX Tumor [92]
PEGylated liposomes®) mice 15 min regression
IR780 and DOX PTT/PDT ~ MCF-7/ADR tumor iv. 3 mg kg™ of DOX 808 nm; 0.5 W cm™; PDA Tumor [93]
loaded PDA"-coated bearing mice (10 times) 5 min DOX regression
TPGSY- micelles (20 times)
PEG-IR780-Cy3 micelles PTT RENCA tumor iv. 40 mg kg™' of 808 nm; 0.8 W cm™%; - Tumor [94]
bearing mice nanostructures 10 min regression
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Table 2. Continued.

IR780 based Phototherapy Tumor model Administration Dose? Laser parameters Other therapeutic  Therapeutic Ref.
nanostructures modality route molecules effect
IR780 and Perfluoro- PTT B16 tumor bearing i.v. 1 mg of 808 nm; 2.0 W cm™%,  Perfluoropentane Tumor growth  [38]
pentane loaded cRGD- mice nanostructures 5 min inhibition
functionalized PEGylated
nanoparticles")
IR780 and Cabazitaxel PTT 4T1 tumor bearing i.v. 5 mg kg™ 808 nm; 0.5 W cm™%; Cabazitaxel ~ Tumor growth  [95]
loaded PEGylated mice 5 min inhibition
micelles*)
CPT-ss-CPT and Lacto- PTT Hep1-6 tumor i.v. 5.74 umol kg of 660 nm; 1.0 W cm™; CPT Tumor growth  [96]
bionic acid-IR780 mixed bearing mice nanostructures 5 min inhibition
nanoparticles
IR780 loaded transferrin ~ PTT/PDT  CT-26 tumor bearing iv. 20 mg kg™ 808 nm; 1.0 W cm™%; - Tumor growth  [97]
nanoparticles mice 5 min inhibition
IR780 and PFOBY) PDT MDA-MB-231 tumor iV 20 ug 808 nm; 2.0 W cm™%; PFOB Tumor growth  [98]
loaded bearing mice 20s reduction
cRGDK functionalized
PEG-PCL micelles
IR780 and PFOB loaded ~ PTT/PDT  A549 tumor bearing it 20 ug 808 nm; 2.0 W cm™%; PFOB Tumor growth  [99]
PEG-PLGA nanoparticles mice 1 min reduction
IR780 and PTX? loaded PTT/PDT  4T1 tumor bearing iv. 40 ug 808 nm; 0.8 W cm™%; PTX Tumor growth  [100]
isopentyl nitrite-HSA mice 45s Nitric oxide reduction
nanoparticles (twice)
IR780 loaded PEGylated PTT MCF-7 tumor bearing i.v. 4 mg kg™ 808 nm; 1.6 W cm™%; - Tumor growth  [101]
micelles®? mice 5 min reduction
DOX loaded PTT/PDT  MCF-7 tumor bearing i.v. 0.5 mg kg™ 808 nm; 0.5 W cm™%; DOX Tumor growth  [102]
IR780-micelles*®) mice (10 times) 3 min reduction

(10 times)
DOX loaded PEG-IR780- PTT CT-26 tumor bearing i.v. 6.2 mg kg™ of 808 nm; 1.0 W cm™%; DOX Tumor growth  [103]
Cy3-based liposomes®) mice PEG-IR780-C;3 3 min reduction
Sunitinib and IR780 PTT 4T1 tumor bearing i.v. 1 mgkg™' 808 nm; 1.0 W cm™%; Sunitinib Tumor growth  [52]
loaded liposomes??) mice (8 times) 4 min reduction

(8 times)
IR780 loaded lipid PTT CT-26 tumor bearing via oral gavage 6.5 mg kg™ 808 nm; 2.0 W cm™%; - Tumor growth  [104]
nanocarriers®) mice (twice) 1 min reduction
IR780 loaded Hb* PTT CT-26 tumor bearing via oral gavage 6.5 mg kg™! 808 nm; 2.0 W cm™%; - Tumor growth  [105]
nanoparticles mice (twice) 1 min reduction

(twice)

IR780 loaded PEGylated PTT 4T1/Luc tumor i.v. 25 mg kg™ of 808 nm; 1.0 W cm™%; - Tumor growth  [106]
liposomes®®) bearing mice nanostructures 10 min reduction

ADose of heptamethine cyanine (unless stated otherwise); Pformulated using 1,2-dipalmitoyl-sn-glycero-3-phospholcholine (DPPC), 1-myristoyl-2-palmitoyl-sn-glycero-
3-phosphocholine, and 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene glycol)] (DSPE-PEG); 9chlorin e6; Yhuman serum albumin; &formulated
with DPPC, cholesterol, DSPE-PEG-Folate; Mformulated with an HA-cholesterol conjugate; &formulated using PEG-poly(acrylamide-co-acrylonitrile-co-vinylimidazole); "red
blood cells; 'docetaxel; prepared using soybean phospholipids, trilaurin, cholesterol and sodium dodecyl sulfate; ¥formulated with phosphatidylcholine, medium chain
triglycerides, trilaurin and AMD3100; formulated with DPPC, DSPE-PEG-FA; ™formulated with PEG-poly(N-acryloylglycinamide-co-acrylonitrile); "resveratrol; ®bovine
serum albumin; Pltripeptide arginine-glycine-aspartic-acid; 9superparamagnetic iron oxide nanoparticles; "formulated with DPPC, Cholesterol, DSPE-PEG and DSPE-
PEG-Triphenylphosphonium (TPP); 9formulated with DPPC, cholesterol, DSPE-PEG and DSPE-PEG-FA; Ypolydopamine; “d-o-tocopheryl poly(ethylene glycol) 1000 suc-
cinate; Ycyclic RGD (cRGD) functionalized PLGA-PEG-based nanoparticles; “Wformulated with PEG-b-poly(acrylamide-co-acrylonitrile); ¥camptothecin; Yperfluorooctyl
bromide; ?paclitaxel; #prepared using poly(2-hydroxyethyl methacrylate)-g-(poly(acrylic acid) (PAA)-PEG); ®formulated using an IR780-chitosan-stearic acid conjugate;
“)ormulated using lecithin, cholesterol and PEG-IR780-Cy; conjugate; *formulated using soybean phospholipids; *)soy lecithin, trilaurin and Labrafac CC; *Yhemoglobin;
28)formulated with DPPC, cholesterol and DSPE-PEG.

3.4. IR820 Based Nanomaterials Huang et al. incorporated IR820 in ferritin nanocages,
demonstrating the ability of these nanostructures to accu-
mulate at the tumor and image it through PALI®Y Upon NIR
laser irradiation, these nanostructures induced a temperature

increase of about 24 °C, leading to complete tumor eradication.

The application of nanoparticles incorporating IR820 in
cancer PTT/PDT and NIR imaging and PAI has also been
extensively investigated (Tables 6 and 3).°%! For instance,
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Table 3. Application of heptamethine cyanine based nanostructures for in vivo NIR tumor imaging.
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Heptamethine cyanine based nanostructures Tumor model Administration route Dose? PAI  NIR fluorescence  Ref.
imaging

IR780 and DOX loaded liposomes®) 4T1 tumor bearing mice it. non disclosed (N.D.) - Y [6]

IR780 and DOX loaded PEGylated liposomes KB tumor bearing mice iv. N.D. - Y [92]

IR780 loaded FA functionalized PEGylated U87 tumor bearing mice iv. N.D. - Y [87]

liposomes

IR780 loaded V7-fuctionalized chitosan coated ES-2 or A2780 tumor bearing mice iv. 0.05 nmol Y - no7]

mesoporous silica nanoparticles

IR780 loaded PEGylated liposomes®) U87M2/Luc tumor bearing mice iv. 2 nmol - Y [108]

IR780 and PFOB loaded MDA-MB-231 tumor bearing mice iv. 20 ug Y Y [98]

cRGDK functionalized PEG-PCL micelles

IR780 loaded Pluronic F-127 nanoparticles SKBR3 tumor bearing mice iv. 20 ug of nanostructures  — Y [50]

IR780 loaded HSA-based nanoparticles BxPC-3 tumor bearing mice iv. 22.5ug - Y [109]

IR780 and DOX loaded PEGylated micelles MCF-7/DOX tumor bearing mice iv. 20 ug - Y [88]

(twice)

IR780 and Cabazitaxel loaded PEGylated micelles 4T1 tumor bearing mice iv. 100 pg - Y [95]

IR780 and Perfluoropentane loaded cRGD- B16 tumor bearing mice iv. 1 mg of Y Y [38]

functionalized PEGylated nanoparticles nanostructures

CPT-ss-CPT and Lactobionic acid-IR780 mixed Hep1-6 tumor bearing mice iv. 1.5 umol kg™ - Y [96]

nanoparticles

IR780 and AMD3100 loaded liposomes) 4T1/Luc tumor bearing mice iv. 0.3 mg kg™ - Y [85]

IR780 and DOX loaded PEGylated micelles?) 4T1 tumor bearing mice iv. 0.3 mg kg™ Y Y [53]

IR780 and SPION loaded PEGylated HSA CT-26 tumor bearing mice iv. 0.3 mg kg™ - Y [90]

nanoparticles

IR780 and Sunitinib loaded liposomes" 4T1 tumor bearing mice iv. 0.3 mg kg™ - Y [52]

IR780 loaded CXCR4-targeted liposomes’) 4T1-luc tumor bearing mice iv. 0.3 mg kg™ - Y [86]

IR780 loaded CXCR4-targeted liposomes/) HSC-T6 tumor bearing mice i.v. 0.3 mg kg™ - Y [110]

IR780 loaded transferrin nanoparticles CT-26 tumor bearing mice i.v. 0.3 mg kg™ - Y [97]

DOX loaded IR780-micelles MCF-7, H22 and 4T1 tumor bearing iv. 0.5 mg kg™ - Y [102]

mice

IR780 and Ce6 loaded TPP-functionalized HeLa tumor bearing mice iv. 0.5 mg kg™ Y Y [57]

PEGylated liposomes

IR780 loaded iRGD-functionalized Dextran- 4T1 tumor bearing mice iv. 0.5 mg kg™ Y Y [89]

poly(lysine)-based nanostructures incorporating

fluorocarbons

IR780 and Ce6 loaded HSA nanoparticles CT-26 tumor bearing mice iv. 0.7 mg kg™ - Y [82]

IR780 loaded HA functionalized micelles MDA-MB-231 tumor bearing mice iv. 0.7 mg kg™ Y Y [83]

DOX loaded PEG-IR780-C3-based liposomes" CT-26 tumor bearing mice iv. 0.75 mg kg™' of - Y [103]
PEG-IR780-Cy3

IR780 loaded FA functionalized PEGylated SKOV-3 tumor bearing mice iv. 1 mgkg™' - Y [47]

liposomes

IR780 loaded Hb nanoparticles CT-26 tumor bearing mice via oral gavage 1 mgkg™! - Y [105]

IR780 loaded lipid nanocarriers™ CT-26 tumor bearing mice via oral gavage 1 mgkg™ - Y [104]

IR780 loaded PEGylated micelles™ MCF-7 tumor bearing mice iv. 1 mg kg™ - Y [1o1]

PEG-IR780-C;3 micelles RENCA tumor bearing mice iv. 1 mg kg™ of - Y [94]
nanostructures

IR780 loaded PEGylated liposomes 4T1/Luc tumor bearing mice iv. 1.1 mg kg™ Y Y [106]

IR780 and PTX loaded isopentyl nitrite-HSA 4T1 tumor bearing mice iv. 1.5 mg kg™ - Y [100]

nanoparticles

RBC membrane-coated IR780 and DTX loaded MCF-7 tumor bearing mice i.v. 1.6 mg kg™ Y Y [49]

PCL-PEG-PCL nanoparticles
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Table 3. Continued.
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Heptamethine cyanine based nanostructures Tumor model Administration route Dose? PAI NIR fluorescence  Ref.
imaging

IR780 loaded FA-Graphene quantum dots Hela tumor bearing mice i.v. 2mg kg™ of - Y [84]
nanostructures

IR780 and DOX loaded PDA-coated MCF-7/ADR tumor bearing mice i.v. 3mgkg™ of - Y [93]

TPGS- micelles nanostructures

IR780 and DTX loaded HSA nanoparticles 22RV1 tumor bearing mice i.v. 3 mg kg™ - Y [97]

Cypate incorporating PEGylated nanoparticles®) Hela tumor bearing mice i.v. 23 ug - Y [

PEG-Cypate micelles B16F10 tumor bearing mice i.v. 0.25 mg kg™ - Y [57]

Cypate loaded Folate-functionalized PEGylated MDA-MB-231 tumor bearing mice i.v. 1 mg kg™ of - Y [44]

based micelles nanostructures

Cypate-BSA based nanoparticles 4T1 tumor bearing mice i.v. 1.5 mg kg™ Y Y [54]

Cypate loaded HA based nanoparticles MCF-7 tumor bearing mice i.v. 2mg kg™ - Y [43]

HA coated Melittin/Cypate nanoagents 4T1 tumor bearing mice i.v. 3 mgkg™! - Y [36]

Cypate and DPAE loaded PEGylated micelles?) 4T1 tumor bearing mice i.v. 7.5 mg kg™ - Y [112]

Cypate and Pt(IV) prodrug loaded PEGylated AS549R tumor bearing mice A 7.5 mg kg™ - Y [55]

micellesd

Cypate and PTX loaded PEGylated nanorparticles” 4T1 tumor bearing mice i.v. 7.5 mg kg™ - Y [56]

Cypate and 17AAG loaded PEGylated micelles®) A549 tumor bearing mice i.v. 7.5 mg kg™ - Y [113]

Cypate-PEG-GO 4T1 tumor bearing mice i.v. 7.5 mg kg™ - Y [114]

Cypate and Ce6 loaded PEGylated micelles9 4T1 tumor bearing mice i.v. 7.5 mg kg™ Y Y [115]

DOX loaded PEGylated cypate- mesoporous silica 4T1 tumor bearing mice i.v. 8.5 mg kg™! - Y [116]

nanoparticles

Cypate loaded PEGylated micelles? A549 tumor bearing mice i.v. 10 mg kg™ - Y 7]

IR808-HA nanoparticles A549 tumor bearing mice i.v. 10 ug Y Y [30]

IR808-PEG-PSMA coated MCF-7 tumor bearing mice i.v. 50 ug Y Y [37]

MnO nanoparticles

IR808-mesoporous silica shell coated Gd silicate LLC/LL2 tumor bearing mice i.v. 0.25 umol kg™ - Y [118]

nanoparticles

PTX loaded IR808-HGC micelles 4T1 and SCC7 tumor bearing mice i.v. 0.12 mg kg™ - Y [119]

IR808-PEG-DSPE coated SPIONs SCC7 tumor bearing mice i.v. 0.2 mg kg™' - Y [120]

IR808-PEI-PEG-GO A549 and Lewis tumor bearing mice i.v. 0.5 mg kg™ of - Y [21]
nanostructures

IR820-poly (histidine)-DPPE" nanoparticles MCF-7 tumor bearing mice i.v. N.D. - Y [121]

PEGylated IR820-micelles") BxPC-3 tumor bearing mice i.v. 15 pg of IR820-COOH - Y [122]

IR820 loaded ferritin nanocages 4T1 tumor bearing mice A 400 ug Y - [60]

IR820-PTX nanoparticles 4T1 tumor bearing mice i.v. 4.2 mg kg™ of - Y [61]
nanostructures

PEGylated IR820-conjugated poly(B-amine ester) A549 tumor bearing mice iv. 5 mg kg™ of Y - [7]

and ZnPP-poly(f-amine ester) micelles nanostructures

IR825 and CA4 loaded siHSP70/PEI-PLA micelles ~ MDA-MB-231 tumor bearing mice A N.D. Y - [123]

IR825 and DOX loaded PEG-PAA-PEI aggregates 4T1 tumor bearing mice i.v. N.D. Y - [124]

IR825 loaded TCPP crosslinked PEGylated micelles 4T1 tumor bearing mice i.v. 100 ug Y - [33]

PFOB loaded HA-IR825 nanoparticles HT-29 tumor bearing mice i.v. 500 pg of Y - [125]
nanostructures

dc-IR825 and 17AAG loaded HSA nanoparticles 4T1 tumor bearing mice i.v. 1 mg kg™ - Y [64]

IR825 and DOX loaded perylene diimide-based U87MG tumor bearing mice i.v. 1 mg of nanostructures Y - [126]

nanoplatforms

dc-IR825 loaded TPGS micelles U14 tumor bearing mice i.v. 3 mg kg™ Y Y [65]

PEG-IR825 and HA-PDA anchored rGO MDA-MB-231 tumor bearing mice i.v. 5 mgkg™' of - Y [127]
nanostructures
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Table 3. Continued.

Heptamethine cyanine based nanostructures Tumor model Administration route Dose? PAI NIR fluorescence  Ref.
imaging

mPEG-b-poly(L-aspartic acid sodium salt)-IR825P U14 tumor bearing mice i.v. 10 mg kg™ of - Y [46]

conjugate micelles nanostructures

me-IR825 loaded Pluronic F-127 based U14 tumor bearing mice i.v. 300 mg kg™ of Y Y [66]

nanoparticles nanostructures

IR775 loaded HSA-based nanoparticles 4T1 tumor bearing mice i.v. N.D. - Y [128]

IR775 loaded HSA-based nanoparticles CT-26 tumor bearing mice i.v. N.D. - Y [129]

IR783 conjugated with cRGD-PEG-dendritic U87 tumor bearing mice i.v. 15 nmol - Y [70]

poly(lysine)

IR797 loaded PEG-PMAO micelles Hela tumor bearing mice i.v. 42 nmol Y Y [67]

IR775 loaded PEG-Hb nanoparticles H22 tumor bearing mice i.v. 0.3 mg kg™ - Y [130]

IR775 loaded mPEG-PCL nanoparticles A2780/CDDP tumor bearing mice i.v. 0.75 mg kg™ - Y [10]

IR783-PEG-DSPE and CREKAY)-PEG-DSPE coated A549 tumor bearing mice iv. 4 mg kg™ of - Y [69]

oxidized MWNTs") nanostructures

IRDye 800CW labeled PEGylated liposomes* BLM tumor bearing mice i.v. 1 umol of - Y [71]
nanostructures

IRDye 800CW labeled PSMA-targeted PEGylated PC3 tumor bearing mice i.v. 250 pg of - Y [72]

starch coated Fe;O, nanoparticles nanostructures

GX1 peptide-IRDye 800CW-PVA/PLA nanoparticles U87MG tumor bearing mice i.v. 1mg - Y [137]

IRDye 800CW labeled HA-PEG coated hollow Prus- Hela tumor bearing mice i.v. 10 mg kg™ of - Y [132]

sian blue nanoparticles” nanostructures

ADose of heptamethine cyanine (unless stated otherwise); ®IR825 derivative modified with a primary amine; 9formulated using DPPC, 1-myristoyl-2-palmitoyl-sn-
glycero-3-phosphocholine, and DSPE-PEG; “formulated with DPPC, cholesterol, DSPE-PEG and DSPE-PEG-FA; ®formulated with distearoylphosphatidylcholine (DSPC),
cholesterol and DSPE-PEG; fprepared using soybean phospholipids, trilaurin, cholesterol and sodium dodecyl sulfate; &formulated using PEG-poly (acrylamide-co-acryloni-
trile-co-vinylimidazole); "formulated using soybean phospholipids; Mformulated with phosphatidylcholine, medium-chain triglycerides, trilaurin and AMD3100; Mformulated
with egg phosphatidylcholine, cholesterol and AMD3100; ¥formulated with DPPC, cholesterol, DSPE-PEG and DSPE-PEG-TPP; formulated using lecithin, cholesterol and
PEG-IR780-Cy3 conjugate; ™formulated with soy lecithin, trilaurin, and Labrafac CC; "prepared using poly(2-hydroxyethyl methacrylate)-g-(PAA-PEG); *formulated with
PEG-bilirubin and biotin-PEG-bilirubin; Pformulated with PEG-PCL-poly((2-(piperidin-1-yl) ethyl methacrylate); 9formulated with mPEG-poly (L-aspartic acid(decylamine))
(mPEG-PAsp(DA)); "formulated with PEG-PCL-SS-P(N-isopropylacrylamide-co-N,N-dimethylacrylamide) (PEG-PCL-SS-P(NIPAM-co-DMA)); formulated with PEG-
PCL; Y1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine; “formulated using PEG-polylactide (PLA)-co-poly(5-methyl-5-allyloxycarbonyl-1,3-dioxan-2-one)-g-(IR820-co-
Gemcitabine)); VCys-Arg-Glu-Lys-Ala peptide; “Ymultiwalled carbon nanotubes; ¥formulated with DPPC, DSPC, DSPE-PEG and 3-(2-pyridyl)-dithiopropionyl-PEG-DSPE;

Nformulated by conjugating HA-g-PEG to PAH/PAA coated hollow prussian blue nanoparticles.

In another work, Valcourt et al. demonstrated that the PTT
mediated by poly(lactic-co-glycolic acid) (PLGA) nanoparticles
loaded with IR820 could induce tumors regression.l®? Still, in
order to achieve such effect, 4 different nanomaterials’ adminis-
tration and irradiation sessions were required.

In this way, IR820 based nanomaterials have also been com-
bined with other therapeutic agents with the intent to improve
their therapeutic efficacy (Table 6). In this regard, Li et al.
improved the efficacy of IR820 loaded Lyp-1 modified micelles
by incorporating docetaxel in the nanoformulation.®! In vivo,
the combinatorial chemo-PTT/PDT mediated by these micelles
induced tumor eradication using a relatively low dose of the
photo-responsive agent (2 mg kg™! of IR820).

3.5. IR825 Based Nanomaterials

The loading of IR825 into different nanostructures for
application in cancer PTT/PDT and imaging (NIR fluores-
cence imaging and PAI) has also been described in several
reports!?’:33#lgee details in Tables 7 and 3. Alternatively, Pan
et al. prepared an IR825-derivative modified with a primary

Adv. Healthcare Mater. 2020, 9, 1901665
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amine in order to conjugate it to mPEG-poly(L-aspartic acid
sodium salt), rendering an amphiphilic copolymer capable of
self-assembling into micelles.l*%] In vivo, the IR825-micelles dis-
played a long blood circulation time, achieving a high tumor
accumulation that allowed tumors’ NIR imaging over time.
Furthermore, the PTT mediated by the IR825-micelles induced
tumors eradication while the combination of primary amine
modified-IR825 with NIR light did not produce a therapeutic
effect due to the low tumor uptake of the free dye. Furthermore,
the Wu group also prepared other IR825 derivatives termed as
dc-TR825[04%%] and me-TR825,[°! and whose encapsulation in
nanomaterials enabled an effective PTT/PDT in vivo.
Furthermore, combinatorial cancer phototherapies based on
IR825-incorporating nanomaterials have also been developed
by including additional agents in the nanomaterials (Table 7).
For instance, Liu et al. produced PEGylated polymeric micelles
loaded with IR825 and cross-linked with 5,10,15,20-tetrakis(4-
carboxyphenyl) porphyrin (TCPP, a porphyrin derivative that is
also a 660 nm absorbing photodynamic agent) for application
in cancer PTT/PDT.?® These micelles were able to reach the
tumor tissue, enabling its visualization by PAI. Subsequently,
the irradiation of the tumor zone with NIR and 660 nm lights
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Figure 3. Imaging capabilities of the PEGylated micelles incorporating IR780 and DOX. A) NIR fluorescence imaging of mice treated with different
formulations. B) Ex vivo NIR fluorescence imaging and C) quantitative IR780 tumor uptake. D) PAI of the tumors and E) photoacoustic intensity at
the tumor site after the different treatments. mPEG-PAAV micelles/IR780+DOX: PEGylated micelles incorporating IR780 and DOX. Reproduced with

permission.*3l Copyright 2018, Ivyspring International Publishers.

produced a photothermal-photodynamic effect that reduced
tumors’ growth. In contrast, a weaker therapeutic effect was
observed on mice solely irradiated with NIR light (PTT) and
660 nm light (PDT).

3.6. Other Heptamethine Cyanine Based Nanomaterials

Nanomaterials incorporating IR775, IR797, and IR806 have
not yet been as widely explored for cancer theragnostic as those
described above (Tables 8 and 3).1067:8] Nevertheless, these
have demonstrated promising results which should motivate
further investigation on their applicability for cancer PTT/PDT
and imaging (Tables 8 and 3).

For instance, Duong et al. demonstrated that PEG-
poly(caprolactone) (PCL) nanoparticles loaded with IR775 or
IR797 possess optical properties that may enable their use
for cancer NIR imaging and PTT/PDT.' In another work,
Deng et al. prepared IR806 (a carboxylated IR780 derivative

Adv. Healthcare Mater. 2020, 9, 1901665
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obtained by reacting IR780 with 4-mercaptobenzoic acid) and
conjugated it to primary amine-capped PEGylated MnFe,0O,
nanoparticles.®®! This system displayed photodynamic (derived
from IR806) and enhanced photothermal (arising from IR806
and MnFe,0,) capabilities, thus mediating an improved PTT/
PDT in vivo.l%8l

The labeling of other nanomaterials with IR783[6%70 and
IRDye 800CW!7!72l (Table 3) also enabled the analysis of nano-
materials’ biodistribution and the visualization of the tumoral
mass overtime.

4. Conclusion and Outlook

In this progress report, the recent advances regarding the use
of nanomaterials incorporating prototypic NIR heptamethine
cyanines for cancer phototheragnostic were analyzed.

IR780 based nanomaterials have been by far the most
explored for cancer theragnostic. This fact can be explained
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Table 4. In vivo therapeutic performance of Cypate based nanostructures.

www.advhealthmat.de

Cypate based Phototherapy Tumor model Administration Dose? Laser parameters ~ Other therapeutic  Therapeutic effect Ref.
nanostructures modality route molecules
Cypate loaded HA based ~ PTT/PDT MCF-7 tumor bearing i.v. 40 g 785 nm; 0.5 W cm™?; - Tumor eradication [43]
nanoparticles mice 5 min
Cypate-BSA based PTT 4T1 tumor bearing mice iv. 1.5mgkg™ 785 nm;1.5W cm™; - Tumor eradication [54]
nanoparticles 3 min
PEG-Cypate micelles PTT/PDT  B16F10 tumor bearing iv. 5mg kg™ 808 nm; 0.4 W cm™%; - Tumor eradication [57]
mice 10 min
Cypate-PEG- GO PTT 4T1 tumor bearing mice iv. 7.5mgkg” 785 nm; 1.0 W cm™%; GO Tumor eradication [114]
3 min
Cypate and PTX PTT 4T1 tumor bearing mice i.v. 7.5mgkg™ 785 nm; 1.0 W cm™3; PTX Tumor eradication [56]
loaded PEGylated 5 min
nanoparticles®
Cypate and 17AAG PTT/PDT A549 tumor bearing i.v. 7.5mgkg” 785 nm; 1.5 W cm™%; 17AAG Tumor eradication [113]
loaded PEGylated mice (3 times) 3 min
micelles® (3 times)
Cypate and Pt(IV) pro- PTT/PDT A549R tumor bearing i.v. 7.5mgkg” 785 nm;1.5Wcm™;  Pt(IV) prodrug  Tumor eradication [55]
drug loaded PEGylated mice (3 times) 3 min
micelles?) (3 times)
DOX loaded PEGylated PTT/PDT  4T1 tumor bearing mice i.v. 8.5mgkg’ 785nm;1.5Wcm DOX Tumor eradication [116]
Cypate- mesoporous 5 min
silica nanoparticles (twice)
HA coated Melittin/ PTT 4T1 tumor bearing mice i.v. 3mgkg” 808 nm; 1.0 W cm3 Melittin Tumor regression [36]
Cypate nanoagents 10 min
DTX loaded iRGD- PTT/PDT  HepG2 tumor bearing i.v. 6.7mgkg™ 808 nm; 1.6 Wcm™ DTX Tumor regression [32]
Cypate- PAMAM mice (every 5 days) 5 min
dendrimers (every 5 days)
Cypate and DPAE loaded ~ PTT/PDT  4T1 tumor bearing mice i.v. 7.5mgkg” 808 nm; 1.5 W cm™%; DPAE Tumor regression [112]
PEGylated micelles®) (twice) 5 min
Cypate and DOX loaded PTT 4T1 tumor bearing mice it 10 mg kg™ of 785 nm; 1.6 W cm™%; DOX Tumor regression [133]
PEGylated liposomes) DOX 5 min
Cypate loaded PEGylated PTT A549 tumor bearing i.v. 10mgkg™ 785 nm; 1.0 W cm™3; - Tumor regression 7
micelles?) mice (3 times) 5 min
(3 times)
PEGylated Cypate and PTT MCF-7/ADR tumor i.v. 10mgkg™ 808 nm; 16 W cm™%; DOX Tumor growth [58]
DOX based micelles®) bearing mice (3 times) 2 min inhibition
(3 times)
Cypate-silk fibroin PTT K7M2 tumor bearing iv. 10pgof 808 nm; 0.75 W cm™%; - Tumor growth [134]
nanoparticles mice nanostructures 10 min reduction
Cypate and Ce6 loaded PTT/PDT  4T1 tumor bearing mice i.v. 7.5mgkg” 785 nm; 1.0 W cm™%; Ceb Tumor growth [115]
PEGylated micelles? (3 times) 5 min reduction
660 nm; 1.0 W cm%;
10 min
(3 times)
DOX loaded TPGS PTT 4T1 tumor bearing mice i.v. 10 mg kg™ of 808 nm; 2.0 W cm™%; DOX Tumor growth [135]
coated Cypate-mesopo- DOX 2 min TPGS reduction
rous silica nanoparticles (3 times) (3 times)

ADose of heptamethine cyanine (unless stated otherwise); Pformulated with PEG-PCL-SS-P(NIPAM-co-DMA); 9formulated with PEG-PCL; 9formulated with mPEG-
PAsp(DA); 9formulated with PEG-PCL-poly((2-(piperidin-1-yl) ethyl methacrylate); formulated with DPPC, cholestherol, DSPE-PEG and NH,HCO;; ®formulated with a
PEGylated Cypate amphiphilic conjugate and Pluronic P123-DOX based conjugate.
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Table 5. In vivo therapeutic performance of IR808 based nanostructures.

www.advhealthmat.de

IR808 based Phototherapy ~ Tumor model ~ Administration Dose? Laser parameters Other therapeutic  Therapeutic effect ~ Ref.
nanostructures modality route molecules
IR808-PEG-DSPE coated PTT SCC7 tumor it. N.D. 808 nm; 1.0 W cm™%; - Tumor eradication  [120]
SPIONs bearing mice 10 min
IR808-HA nanoparticles PTT A549 tumor i.v. 36ug 808 nm; 0.8 W cm™%; - Tumor eradication [30]
bearing mice 5 min
IR808-PEG-PSMAP) coated ~ PTT/PDT MCF-7 tumor iv. 50 ug 808 nm; 0.5 W cm™%; MnO Tumor eradication  [37]
MnO nanoparticles bearing mice 5 min nanoparticles
IR808-PEI-PEG-GO PTT/PDT A549 or Lewis iv. 10 mg kg™ of 808 nm; 1.0 W cm™ GO Tumor eradication [27]
tumor bearing nanostructures 5 min
mice
PTX loaded IR808-HGC®) PTT SCC7 tumor it 10mgkg™ of 808 nm; 1.0 W cm™%; PTX Tumor regression  [119]
micelles bearing mice nanostructures 5 min

3Dose of heptamethine cyanine (unless stated otherwise); ®’cumene terminated poly (styrene-co-maleic anhydride); ©5B-cholanic acid-glycol chitosan conjugate.
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Figure 4. PTT/PDT mediated by IR808-PEI-PEG-GO. Thermal images of A) A549 and B) Lewis tumor bearing mice after the different treatments.
C,D) Tumor volume and E,F) body weight changes of after the different treatments. PBS (—): PBS; PBS (+): PBS + NIR radiation; NGO-PEG-BPEI (+):
PEI-PEG-GO + NIR radiation; IR808 (+): IR808 + NIR radiation; NGO-808 (—): IR808-PEI-PEG-GO; NGO-808 (+): IR808-PEI-PEG-GO + NIR radiation;
NIR radiation: 808 nm; 1.0 W cm™2; 5 min. Reproduced with permission.?l Copyright 2016, American Chemical Society.
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Table 6. In vivo therapeutic performance of IR820 based nanostructures.

IR820 based Phototherapy Tumor model Administration Dose? Laser parameters  Other therapeutic  Therapeutic effect Ref.
nanostructures modality route molecules
IR820 and Tane- PTT/PDT SCC-7 tumor i.t. 50 ug 808 nm; Tanespimycin Tumor eradication  [136]
spimycin loaded bearing mice 2.0 W cm™2; 3 min
liposomes®) 660 nm;
0.2 W cm™2 3 min
IR820 loaded ferritin PTT 4T1 tumor bearing i.v. 400 ug 808 nm; 0.5 W - Tumor eradication [60]
nanocages mice cm=2 10 min
IR820 and DTX loaded PTT/PDT 4T1 tumor bearing i.v. 2 mg kg™ 808 nm; DTX Tumor eradication  [63]
micelles®) mice (3 times) 25Wcm™10
min
(3 times)
PEGylated IR820-conju- PTT A549 tumor i.v. 5 mg kg™ of 808 nm; 1.0 W ZnPP Tumor eradication [7]
gated poly(B-amine bearing mice nanostructures cm™% 10 min
ester) and ZnPP9- (3 times) (3 times)
poly(B-amine ester)
micelles
IR820 and Bortezomib PTT PANC-1 tumor i.v. N.D. 808 nm; 3.0 W Bortezomib Tumor regression  [137]
loaded Cyclosporine bearing mice (4 times) cm™2 5 min
A-functionalized PEG- (4 times)
coated mesoporous
silica nanoparticles®)
IR820 loaded PLGA PTT MDA-MB-231 iv. 0.035 pumol 810 nm; - Tumor regression [62]
nanoparticles tumor bearing (4 times) 1.5W em2 5 min
mice (4 times)
IR820 loaded PTT C6 tumor bearing i.v. 10 mg kg™' of 808 nm; - Tumor regression  [138]
PEGylated liposomes) mice nanostructures 1.0Wcm™>;
15 min
IR820 and Irinotecan PTT EMT6 tumor intraperitoneal 3 mg kg™ 808 nm; Irinotecan Tumor regression  [139]
loaded hollow bearing mice (i.p.) (4 times) 2.0 W cm™ 5 min
mesoporous silica (4 times)
nanoparticles
IR820-ELP?) micelles PTT CT-26 tumor i.v. N.D. 808 nm; - Tumor growth 31]
bearing mice 1.5 W cm2; 8 min reduction
IR820 loaded TPP-tar- PTT/PDT EMT6 tumor it 20 ug 808 nm; CpG Tumor growth [140]
geted PEGylated GO") bearing mice 0.5 W cm™? 5 min GO reduction
incorporating CpG
IR820-PTX PTT 4T1 tumor bearing i.v. 4.2 mg kg™ of 660 nm; PTX Tumor growth [61]
nanoparticles mice nanostructures 1.0 W cm™% 5 min reduction
(every 3 days) (every 3 days)
Ceb loaded IR820- PTT/PDT B16 tumor bearing i.v. 8 mg kg™ 660 nm; Ceb Tumor growth [59]
TPGS micelles mice (every 3 days) 1.0 W cm™% 5 min reduction

(every 3 days)

ADose of heptamethine cyanine (unless stated otherwise); Pformulated with DSPE-PEG, DPPC and cholesterol; 9formulated with mPEG-PCL and PCL-PEI-PEG-(Lyp-1);
dzinc protoporphyrin; ®coated with DPPC, CHO, DSPE-PEG, and DSPE-PEG-(Cyclosporine A); fformulated with DSPE-PEG, DPPC, DSPC; ®elastin like polypeptide;
Mcoated with DSPE-PEG-TPP and DSPE-PEG-(cytosine-phosphate-guanine oligodeoxynucleotides) (CpG).

by the high molar extinction coefficient and singlet that these dyes are not yet commercially available from the

oxygen quantum yield of IR780. In several reports, IR780
based nanomaterials mediated tumors eradication upon NIR
laser irradiation, thereby demonstrating a great potential for
cancer PTT/PDT. Furthermore, these nanostructures also
displayed the capacity to detect tumors by NIR fluorescence
imaging and PAI. On the other hand, nanostructures incor-
porating IR808, IR820, IR825, and Cypate have not been as
extensively explored for cancer phototheragnostic. In the case
of IR808, IR825 and Cypate, such could be related to the fact

Adv. Healthcare Mater. 2020, 9, 1901665

1901665 (14 of 19)

most popular chemical suppliers. Still, the studies reported
so far suggest their good potential for cancer PTT/PDT and
imaging, as evidenced by the ability of some formulations to
photo-ablate tumors.

Regarding nanomaterials incorporating IR775, IR797, and
IR806, the information available in the literature on their
applicability for in vivo cancer phototheragnostic makes it too
preliminary to conclude about their potential. In the case of
IR783 and IRDye 800CW based nanomaterials, only studies
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Table 7. In vivo therapeutic performance of IR825 based nanostructures.

www.advhealthmat.de

IR825 based Phototherapy Tumor model  Administration Dose? Laser parameters  Other therapeutic  Therapeutic Ref.
nanostructures modality route molecules effect
HSA-IR825 nanoparticles PTT 4T1 tumor bearing iv. 26 ug 808 nm; 0.8 W cm™%; - Tumor [141]
mice 10 min eradication
PEG-PDA coated PTT 4T1 tumor bearing iv. 100 ug 808 nm; 0.6 W cm™%; PDA Tumor [142]
Mn-IR825 nanoparticles mice 5 min eradication
IR825 loaded PEG-PMAO PTT 4T1 tumor bearing iv. 200 pg of 808 nm; 0.5 W cm™%; - Tumor [39]
micelles mice nanostructures 5 min eradication
IR825 and IONPs®) PTT 4T1 tumor bearing i.v. 200 pg of 915 nm; 0.7 W cm™%; IONPs Tumor 27]
loaded PEG-PAA-PAHY mice nanostructures 5 min eradication
nanoparticles
dc-IR825 and 17AAG PTT/PDT 4T1 tumor bearing i.v. 1 mg kg™ 808 nm; 0.3 W cm™%; 17AAG Tumor [64]
loaded HSA nanoparticles mice 10 min eradication
dc-IR825 loaded TPGS PTT/PDT UT4 tumor bearing i.v. 3mgkg™ 808 nm; 0.3 W cm™2; TPGS Tumor [65]
micelles mice 10 min eradication
mPEG-b-PLD?)-IR825) PTT U14 tumor bearing i.v. 10 mgkg of 808 nm; 1.0 W cm™ - Tumor [46]
conjugate micelles mice nanostructures 10 min eradication
me-IR825 loaded Pluronic PTT U14 tumor bearing iv. 300 mg kg™ of 808 nm; 1.0 W cm™%; - Tumor [66]
F-127 based nanoparticles mice nanostructures 10 min eradication
PFOB loaded HA-IR825 PTT HT-29 tumor iv. 500 pug of 808 nm; 1.5 W cm™%; PFOB Tumor [125]
nanoparticles bearing mice nanostructures 10 min regression
IR825 and CA4" loaded PTT MDA-MB-231 i.v. 5 mg kg™ of CA4 808 nm; 0.5 W cm™%; CA4 Tumor [123]
siHSP708)/PEI-PLA tumor bearing mice 5 min siHSP70 regression
micelles
IR825 loaded carbonized PTT MDA-MB-231 iv. 10mgkg™” of 808 nm; 2.0 W cm™?; - Tumor [143]
cross-linked PEG-g- tumor bearing mice nanostructures 5 min regression
poly(sulfobetaine methac-
rylate) nanoparticles
IR825 loaded PEG-g- PTT MDA-MB-231 subcutaneous 10 mg kg’1 of 808 nm;2.0Wcm - Tumor [144]
(formyl benzoic acid/ tumor bearing mice (s.c.) nanostructures 5 min regression
cysteamine/bromoethyl
amine)-conjugated
poly (DMAM-co-HEMA)
nanoparticles
IR825 and DOX loaded PTT 4T1 tumor bearing i.v. 13 mg kg™ 915 nm; 0.35 W cm™%; DOX Tumor [124]
PEG-PAA-PEI aggregates mice 20 min regression
PEG-IR825) and HA-PDA PTT MDA-MB-231 iv. 30mgkg'of 808 nm; 2.0 W cm%; PDA Tumor [127]
anchored rGOY tumor bearing mice nanostructures 5 min rGO regression
IR825 loaded TCPP cross- PTT/PDT 4T1 tumor bearing i.v. 100 ug 808 nm; 0.8 W cm™%; TCPP Tumor growth [33]
linked PEGylated micelles" mice 5 min reduction
660 nm; 5 mW cm%;

60 min
IR825 loaded CPT-ada- PTT UT4 tumor bearing iv. 200 pg of 808 nm; 0.5 W cm™%; CPT Tumor growth  [145]
mantine B-cyclodextrin-HA mice nanostructures 5 min reduction
nanoparticles
IR825 and RB™ loaded PTT/PDT 4T1 tumor bearing it. 400 ug of 808 nm; 0.5 W cm™%; RB Tumor growth  [146]
BSA-PAA coated UCNPs" mice nanostructures 5 min reduction

980 nm;

0.4Wcm2
30 min

ADose of heptamethine cyanine (unless stated otherwise); " IR825 derivative modified with a primary amine; 9iron oxide nanoparticles; 9poly(allylamine hydrochloride);
e)poly(L-aspartic acid sodium salt); lcombretastatin A4; ®HSP70 siRNA; M2-(dimethylamino)ethyl methacrylate; )2-hydroxyethyl methacrylate; )IR825 and 2-chloro-3/,4’-
dihydroxyacetophenone quaternized PEG-g-poly(dimethylaminoethyl methacrylate); Yreduced graphene oxide; "formulated with poly[(PEG methyl ether methacrylate)-co-
(3-aminopropyl methacrylate)]-b-poly (methyl methacrylate); ™rose bengal; Mupconversion nanoparticles.
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Table 8. In vivo therapeutic performance of other heptamethine cyanine based nanostructures.

Other hep- Phototherapy Tumor model Administration Dose?) Laser parameters Other therapeutic Therapeutic effect Ref.
tamethine modality route molecules

cyanine based

nanostructures

IR797 loaded PEG- PTT Hela tumor it. 1.05 pumol 808 nm; 1.0 W - Tumor eradication [67]
PMAO micelles bearing mice cm™?; 5 min

PEGylated IR806 PTT LLC tumor bearing i.v. N.D. 808 nm; 0.25 W IONPs Tumor regression [147]
coated IONPs mice cm2 20 min

micelles®

IR775 loaded PTT/PDT A2780/ CDDP i.v. 0.75 mg kg™ 785 nm; 1.0 W - Tumor growth [10]
mPEG-PCL tumor bearing cm™2; 20 min reduction

nanoparticles mice

IR806-PEG-DSPE PTT/PDT H22 tumor i.v. 0.92 mg kg™ 808 nm; MnFe,O, Tumor growth [68]
coated MnFe,O, bearing mice 1.0W cm™ 5 min  nanoparticles reduction

nanoparticles

ADose of heptamethine cyanine (unless stated otherwise); Y prepared by functionalizing IR808 coated IONPs with an mPEG-PCL-(NH,-terminated dendritic polyami-

doamine) (PAMAM)-based amphiphile.

demonstrating their applicability for in vivo tumor imaging
have been reported so far. In this way, developing new for-
mulations containing these NIR heptamethine cyanines will
be crucial to prove their applicability for cancer phototherag-
nostic. The same should be performed for FD-1080 since at
the present time, nanoformulations containing this proto-
typic NIR absorbing heptamethine cyanines have not yet been
developed.

In general, the therapeutic capacity of the prototypic NIR
heptamethine cyanine incorporating nanomaterials could be
further improved through the inclusion of other therapeutic
agents (e.g., chemotherapeutics, photosensitizers, or photo-
thermal agents) in the nanoformulations. This strategy also
enabled combinatorial phototherapies using lower doses and/
or less intense laser irradiations.

Currently, there are several ongoing clinical trials (phase I
and II) studying the diagnosis capabilities of antibody-IRDye
800CW conjugates (e.g., Bevacizumab-IRDye 800CW). How-
ever, the clinical translation of phototheragnostics based on
nanomaterials incorporating prototypic NIR heptamethine
cyanines has not yet been accomplished. Before envisioning
the use of heptamethine cyanine incorporating nanomate-
rials in clinical trials, it is fundamental to determine their
long-term toxicity and confirm their theragnostic capacities
in large animal models. Furthermore, the practical use of
nanomaterials incorporating prototypic NIR heptamethine
cyanines for cancer phototheragnostics is strongly circum-
scribed to superficial cancers (e.g., melanoma, breast cancer)
due to the limits imposed by the penetration depth of the NIR
radiation. In this context, phototheragnostics in the second-
NIR window (1000-1350 nm) can achieve a higher pen-
etration depth (due to reduced light scattering) and higher
maximal permissible exposure (due to the lower energy of
longer wavelength photons).”?l Among the different hep-
tamethine cyanines, only FD-1080 has optical properties
that enable its efficient use in the second-NIR window. To
surpass this bottleneck, endoscopes coupled with fiber-type
NIR lasers (e.g., 808 nm) are promising devices that may
enable the use of nanomaterials incorporating prototypic
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NIR heptamethine cyanines for the imaging and PTT/PDT of
nonsuperficial tumors.[74

Overall, the continuous development of nanomaterials incor-
porating the prototypic NIR absorbing heptamethine cyanines
will cement their phototheragnostic capabilities.
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