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Abstract

Fluorescence bioimaging affords a vital tool for both researchers and surgeons to molecularly
target a variety of biological tissues and processes. This review focuses on summarizing organic
dyes emitting at a biological transparency window termed the near-infrared-11 (NIR-11) window,
where minimal light interaction with the surrounding tissues allows photons to travel nearly
unperturbed throughout the body. NIR-I1 fluorescence imaging overcomes the penetration/contrast
bottleneck of imaging in the visible region, making it a remarkable modality for early diagnosis of
cancer and highly sensitive tumor surgery. Due to their convenient bioconjugation with peptides/
antibodies, NIR-11 molecular dyes are desirable candidates for targeted cancer imaging,
significantly overcoming the autofluorescence/scattering issues for deep tissue molecular imaging.
To promote the clinical translation of NIR-1I bioimaging, advancements in the high-performance
small-molecule derived probes are critically important. We discuss here molecules with clinical
potential for NIR-11 imaging, summarizing the synthesis and chemical structures of NIR-11 dyes,
chemical and optical properties of NIR-II dyes, bioconjugation and biological behavior of NIR-11
dyes, whole body imaging with NIR-1I dyes for cancer detection and surgery, as well as NIR-11

Among all existing NIR-11 fluorophores, the NIR-11 molecular dyes are the most remarkable to translate this imaging window into
the clinical setting. The advanced NIR-1I dyes derived bioconjugates will give doctors an unparalleled view into tissues for tumor

detection at greater depths and contrast, allowing early detection during cancer screenings and solid tumor resection by delineation of

the boundaries between healthy and cancerous tissues.
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fluorescence microscopy imaging. We will also propose a key perspective on the direction of near-
infrared-11 molecular dyes for cancer imaging and surgery.
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1. Introduction

Fluorescence imaging is a remarkable imaging modality for improving disease detection and
guided surgery in both research and clinical applications. Compared to radiological imaging
techniques, fluorescence imaging offers great advantages with regard to safety and
resolution of detection.[112] Such a highly sensitive imaging technique allows for
investigating the molecular/cellular level activities to understand biological function and
disease with the distinct contrast agents.[3] Fluorescence imaging, in particular near-infrared
fluorescence imaging (excitation 650-900 nm), provides a new and highly versatile platform
for non-invasive molecular imaging.[4] For instance, indocyanine green (ICG) inform
surgeons of perfusion levels by allowing visualization of lymphatic vasculature/nodes and
cancer stages.[?] Oral Gleolan (5-ALA) recently received orphan drug status for
discrimination of malignant gliomas, masses that are notoriously difficult to identify during
neurosurgical resection.[®] OTL38 (NIR dye conjugated to folate receptor-alpha (FRa)-
targeting ligand) has progressed into phase I1/111 clinical trials for tumor visualization in
lung/ovarian cancers.[®: 71 Bioconjugation of LI-COR’s infrared fluorescent dyes
(IRDye800CW; Agps = ~774 nm; Ay = ~789 nm) to a variety of targeting ligands are all in
the midst of clinical trials for enhanced tumor visualization in a plethora of cancer types.
Finally, activity-based infrared probes, including LUMO15 (Cy5 conjugated to quenching
moiety QSY21 through a peptide linker) which fluoresces after cleavage by protease
cathepsins that are upregulated in a diverse array of cancers, have completed both feasibility
and phase I clinical trials.l]

To further improve the imaging quality of the NIR fluorescence imaging technique, near-
infrared Il (NIR-I1) biomedical fluorescence imaging was developed recently, providing a
highly versatile platform for non-invasive in vivo bioimaging to probe deeper into the

Adv Mater. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 3

biological tissues/organs with a greater degree of clarity.[4 8 9. 10, 11,12, 13, 14,15, 16] The
current NIR window can be artificially divided into NIR-I (700-1000 nm) and NIR-1I
(1000-1700 nm, also named as shortwave infrared (SWIR, 1-2 pm)) windows.[*7] The NIR-
Il window can be further classified into NIR-1la’ (1000-1300 nm),[28] NIR-11a (1300-1400
nm)[29] and NIR-11b (1500-1700 nm) sub-regions.[2%] The dyes discussed in this review
include NIR-1 dyes with peak emission at NIR-I1 window and NIR-11 dyes with peak
emission at NIR-11 window. Because the quality of photon attenuation, tissue
autofluorescence, and scattering are all significantly reduced when imaging at gradually
longer wavelengths, NIR-1I fluorescence imaging opens many exciting new imaging avenues
for biological research compared to any other optical imaging modality.[l However, the lack
of applicable fluorophores with both high quantum efficiency and biocompatibility causes a
dominant barrier on the way to the extensive endorsement of NIR-II bio-imaging in clinical
using. Many inorganic and carbon-based nanomaterials, such as single-wall carbon
nanotubes,[16. 21, 22, 23, 24, 25, 26] quantum dots,[17. 27, 28, 29, 30, 31, 32, 33, 34, 35] gnq rare earth
nanoparticles,[36: 37. 38. 39, 40, 41, 42] haye been developed as NIR-11 fluorophores up to
present, which bring safety issues with regard to immune uptake and clearance after
imaging. Organic fluorophores afford an exceptional alternative, as their fluorescence
properties can be controlled by rational chemical structure design, and there are considerable
advantages on the subject of biocompatibility and biosafety.[4]

Due to the fact that near-infrared fluorescence imaging can overcome the penetration/
contrast bottleneck of visible imaging and the great clinical potential of small-molecule
fluorophores, it is a promising imaging method for cancer detection and surgery.[2: 431 A
variety of cancer biomarkers have been confirmed as ideal targeted receptors for cancer
diagnosis and therapy, such as folate receptor, integrin receptor, epidermal growth factor
receptor (EGFR), transferrin receptor, human epidermal growth factor receptor 2 (HER5)
receptor, translocator protein receptor, endothelin receptor, angiogenesis, prostate-specific
membrane antigen (PSMA), somatostatin receptor, and gastrin-releasing peptide receptor
(GRPR).[44] Due to their convenient bioconjugation with peptide/proteins of interests, NIR-
Il molecular dyes are excellent candidates for targeted cancer-imaging. These NIR-1I probes
can significantly decrease the autofluorescence and scattering of deep-tissue molecular
imaging in cancer patients. To boost the clinical translation of NIR-I1 bioimaging, the small
molecule derived probes are critically important.[4: 4°]

Advanced NIR-II bioconjugates will give doctors an unparalleled view into tissues for tumor
detection at greater depths and contrast, allowing, for example, early detection during cancer
screenings and solid tumor resection by delineation of the boundaries between healthy and
cancerous tissues. Besides summarizing the present developments and proposing a key
perspective and future directions, we will particularly compare and balance the benefits of
high quantum yields (QYs) of NIR-I dyes and the long wavelength/high contrast of NIR-II
dyes. This review contains six sections, including synthesis and chemical structures of NIR
dyes, chemical and optical properties of NIR-II dyes, bioconjugation and biological behavior
of NIR-II dyes, whole body imaging with NIR-1I dyes for cancer detection, as well as NIR-
Il fluorescence microscopy imaging and future intraoperative NIR-11 image-guided surgery.
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2. Synthesis and chemical structures of NIR dyes

The photoluminescence of small molecules, controlled by their energy gap (energy
separation between the highest occupied molecular orbital, HOMO, and lowest unoccupied
molecular orbital, LUMO), is closely related with their chemical structures through
interactions.[46] Researchers have tried to push the emission wavelengths of small molecular
dyes to the NIR region by the optimization of structural design and synthetic routes. These
diversified NIR dye architectures enrich the library of NIR fluorescent probes through the
rational design of backbones and substitutional groups of dye structures. Many forms of NIR
dyes, such as cyanine dyes, D-A-D dyes, xanthenes, porphyrins, squaraines,
phthalocyanines, and boron-dipyrromethanes, have shown promise in biological systems and
tissues with much-improved water solubility, QY, as well as absorption coefficient.[44: 47, 48]
However, only cyanine and D-A-D structures have been developed to be NIR-I1I
fluorophores. In this section, we mainly focus on cyanine/polymethine molecules and donor-
acceptor-donor (D-A-D) structures.[49. 50, 51, 52, 53] \When pursuing an ideal NIR dye, both
higher QY and larger absorption coefficient should be taken into account. In addition,
discussion of other NIR-I dyes in this section will further force the scientific community to
re-design or synthesize their NIR-11 derivatives, thus enriching the current library of NIR-II
fluorophores.

2.1 NIR-I/l polymethine/cyanine dyes

The adoption of cyanine dyes for NIR in vivo imaging started with indocyanine green (ICG),
which has been approved by the US Food and Drug Administration (FDA) for clinical uses
in humans.[4 551 Typical cyanine fluorophores contain two indolenine groups with different
numbers of vinylene bonds between them and interchangeable groups. Cyanine dyes have
relatively high absorption coefficients, and modified chemical groups allow for further
improvement of chemical and optical properties. There are several commercially available
cyanine dyes in the NIR-I region including ICG, IR-125, IR-820, IR-830, Cy7.5, DiR,
HITCI, IRDye800cw, IR-783, IR12-N3, Cy7, IR-775, IR-780, IR-806, IR-797, IR-140,
CF770, Alex Fluo@750, etc. (Figure 1a). The NHS ester, isothiocyanate, succinimidyl ester,
maleimide, amine, carboxyl, azide, and alkyne are the most common conjugated versions in
part of these commercially available dyes.[! 6] Through modification with chloro-
cyclohexene or polyethylene glycol (PEG), or improved structure, such as octupolar
merocyanine and 1,3-bis(dicyanomethylidene)indan of cyanine dyes,[®7] the quantum yield
and imaging capacity are further improved. Research has confirmed that the installation of a
rigid cyclohexenyl replacement in the center could extraordinarily enhance the photostability
and QYs of cyanine dyes.[58] The whole class of polymethine dyes with both high extinction
coefficients and quantum yields has great potential for clinical implementation.[9. 60. 61, 62]

By prolonging the conjugated structure length and tuning the chemical substitutions, some
polymethine structures, such as IR-26, IR-1061, and IR-1048 can fluoresce in the NIR-1I
window with an emission peak over 1000 nm (Figure 1b—d).[63. 64. 651 Nearly all these
molecules are commercially available, and IR-26 has been chosen as a standard to quantify
the quantum yields of newly developed NIR-11 fluorophores.[66. 871 Cosco et al. used
dimethylamino flavylium heterocycles to design novel polymethine dyes (Figure 1e).[63]
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These dyes are strikingly red-shifted compared to traditional cyanine dyes, affording a new
contrast agent in the NIR-1I region. The indication polymethine dye is Flav7, which is
almost 13 times brighter than 1R-26.163] The high quantum yield and extinction coefficient
of the newly developed polymethine dyes, coupled with the clinical accomplishment of ICG,
suggests that polymethine fluorophores hold great potential to translate NIR-1I diagnostics
into the clinic.

Deng et al. exploited the NIR-Ib imaging of commercially-available cyanine dyes.[®8] They
found that the screened cyanine dyes (see Table 1) had separate NIR fluorescence peaks in
both the NIR-Ia (700-900 nm) and NIR-Ib region (900-1000 nm). In the latest work, Li et
al. reported a NIR-11 molecular fluorophore FD-1080 by redesigning the cyanine molecules,
and the FD-1080 possessed both absorption and emission over 1000 nm (Figure 1b).[6%1 A
sulphonic group and cyclohexene group were modified to increase its aqueous solubility and
photo-stability. The NIR-11 QY of FD-1080 was tested to be 0.31 % and could be elevated to
5.94 % in FBS buffer. Increasing cyanine NIR-I1 dyes have appeared in academic literature
through structure redesigning or modifying.[70. 711

By reason of the low quantum efficiency of commonly used silicon spectrometers in >1000
nm window, emission spectra of NIR-1 dyes are poorly investigated in the NIR-I1 region.
This results in false emission spectra against Franck-Condon (mirror) rule.[45] Fortunately,
the NIR-II tail (>1000 nm) of ICG and IRDye800 was first reported unintentionally by
Antaris et al. in Figure S14 of their D-A-D-dye paper (Figure 2a).["2] Further work indicates
that the bright tail emission of present NIR-I cyanine dyes (ICG, IRDye800CW, IR-12N3,
etc.) can afford high-performance NIR-II imaging.[45: 72. 73. 74, 75] Because the QY of NIR-I
dyes is much higher than that of peak NIR-11 dyes, it will be very promising to further
investigate the tail emission of present NIR-I dyes and screen the optimal fluorophores for
accelerating the clinical translation of NIR-II bioimaging.

2.2 Other NIR-I dyes

There are lots of NIR-1 dyes which are infrequently used in cancer imaging such as
xanthenes, porphyrins, squaraines, phthalocyanines, boron-dipyrromethanes, zwitterionic
dyes, and AIE luminogens (AlEgens).[78: 771 Researchers seek NIR dyes with both high
extinction coefficients and quantum yields. Koide et al. developed three rhodamine
derivatives to facilitate the bioimaging of this type of NIR-1 dye.[”8] These rhodamine
derivatives fluoresced a NIR emission with exciting potential for bioimaging applications.
Xanthene/rhodamine dyes are very commonly used dyes, and new generation derivatives
span into the NIR region with functional groups controlling their fluorescent emission. Thus,
plenty of NIR rhodamine derivatives were exploited by modifying the xanthene core through
various strategies to enrich their fluorescence emissions.[”9]

Squaraines (squarylium dyes) have a kind of zwitterionic structure with a central ring-based
core.[8%] Modified oxocyclobutenolate further produces a red or NIR emission. However, the
hydrophobic features of such dyes limit their biological applications. Currently, strategies
are increasingly developed to adjust the squaraine dyes’ NIR emission, regulate the
aggregation state, modify the binding moiety, and induce squaraine formation.[82. 82. &3]
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Choi et al. investigated that the zwitterionic NIR fluorophore, named ZW800-1, afforded a
considerable signal-to-noise ratio (SNR) enhancement compared with IRDye800-CW.[76]

Phthalocyanines and porphyrins, with four isoindole or pyrrole nitrogen atoms, are
multifunctional dyes.[84 851 Their new generation derivatives are favorable in clinical
applications for both cancer imaging and theranostics. Porphyrins are specific organic
fluorophores with heterocyclic macrocycle, composed of four modified pyrrole subunits.
Furthermore, different heterocycles, such as corrins, chlorins, bacteriochlorophylls, and
corphins are incorporated into porphyrins. The 5-aminolevulinic acid (5-ALA), is the
dominant case of protoporphyrin, and has been widely used for tumor detection and
photodynamic therapy in clinical settings.[]

To address the unavoidable intermolecular aggregation and poor stability of the current
commercially-available near-IR dyes, scientists at Nirmidas and Biotium, etc. developed
novel structures, resulting in exceptionally bright and photostable dyes.[”3: 861 Consequently,
a higher number of NIR dyes can be conjugated to a protein for maximal fluorescence, while
still preserving conjugate specificity and long in vivo half-life. Based on such diverse
structures of NIR-1 dyes, much more synthesis work will be needed to establish design rules
to exceed their NIR-I1 derivatives.

2.3 Donor-acceptor-donor (D-A-D) NIR-Il dyes

Among all the low band-gap molecules, the donor-acceptor (D-A) types of fluorophores are
specifically promising to researchers because their energy gap levels are in tuneable NIR-I/11
regions and other properties can be further modified by donors and acceptors. To further
lower the energy gap, researchers developed a D-A-D structure with increased electron
delocalization to create NIR-1I molecules (Figure 3a).[51: 52. 53, 871 The first aqueous-soluble
D-A-D dye (CH1055-PEG) was developed by Antaris and Chen et al., serving as a typical
model for further design and reconstruction (Figure 3c).[88] For the acceptor groups,
benzobisthiadiazole (BBTD), possessing a substantial quinoidal character that allows for
improved electron delocalization, is the most popular choice.[®% For the donor groups,
thiophene, fluorene, and their derivatives have been adopted to form the D-A-D structure. To
make the hydrophobic fluorophores water-soluble, hydrophilic polymer matrices and
polyethylene glycol (PEG) were adopted to encapsulate the hydrophobic molecules (Figure
3b).[891 Sun et al. and Ji et al. developed serials of D-A-D fluorophore with redesigning the
first-generation CH1055 dyes, and the new generation of NIR-1I fluorophore has highly
stable and biocompatible features for NIR-11 fluorescence imaging (Figure 3d).[49. 90. 91, 92]

To fluoresce in the NIR-I1 wavelength, NIR-1I organic dyes are designed with large
conjugated backbones. However, the larger r-conjugated molecules suffer from strong
intermolecular interactions and aggregation. As a result, the excited states of such molecules
are directly attacked and then quenched by water molecules or oxidative effects. Based on
the molecular simulation, the water molecules’ interaction with organic fluorophores is the
main reason for the reduction of QY's in aqueous media. To address these problems, Yang et
al. proposed a shielding unit (S) to D-A-D fluorophores to form new S-D-A-D-S variants
(Figure 3b), and dialkoxy substituted benzene/fluorene was predominantly adopted as
shielding units in their serial fluorophores.[93: 941 The long side-chains on the fluorene or
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benzene extend out of the main backbone thus weaken the molecule-molecule interactions,
relieving the aggregation problems. To further optimize the donor groups of such molecules,
EDOT (3,4-ethylenedioxythiophene) or TEG substituted thiophene was engaged as the
donor to modify the whole structure, serving as efficient support to prevent molecular
aggregation. Based on a series of efficient shielding and donor groups, IR-FE was prepared
with a fluorescence peak at ~1015 nm and QY of 3.1% in organic toluene. In addition, the
PEGylation derivative IR-FEP showed a QY of 0.2% in PBS solutions.[®4] Without the
donor modification, IR-FTP with single thiophene as a donor only exhibits a low QY of less
than 0.01%. In their latest work,[®3] the NIR-11 fluorophore IR-FTAP with two donors
(octylthiophene and thiophene) showed improved optical property with an aqueous QY of
0.53% in NIR-11 window (Figure 3e).[%%]

Table 1 lists a comprehensive survey of NIR-II dyes, rescaling the quantum yield of all NIR-
Il peak dyes to the same conservative reference value (IR26 = 0.05%). It clearly indicates
the advantage of dual synthesis strategies for fluorophores straddling the NIR-I/1l boundary
zone. Researchers should strive to supplement the present library of NIR-I11 imaging dyes by
reconstructing and designing similar cyanine dyes.[4>] Much more effort should be also
provoked to all types of low energy gap molecules, screening the bright NIR-11 peak
molecule with both high quantum yield and absorption coefficient.

3. Chemical and optical properties of NIR-II dyes

To improve the biomedical applications of NIR-11 dyes, numerous chemical routes have
been developed to modify the hydrophobic core of the NIR dyes, providing reasonable
water-solubility and maintaining the level of brightness as much as possible. Key factors of
NIR dyes include water solubility, fluorescence wavelength control, as well as quantum
yields enhancement. The biocompatibility belongs to biological behavior which is discussed
in the next section.

3.1 Water solubility

The most important issue to address in using NIR dyes in a biological context is water
solubility. Small hydrophilic functional groups, such as sulfonate, amine, carboxyl, NHS
ester, maleimide, and carboxylate, are modified on NIR dyes to allow for solubility and
bioconjugation capacity. Polyethylene glycol with different molecular weights and linear,
armed, or branched derivatives, is widely used to modify NIR dyes to obtain good solubility.
[88] For most cyanine dyes, sulfo groups are added with classical number one or two,
rendering the cyanine dyes improved water solubility, notably, tri-and quadri-sulfonated
forms are also available for even higher hydrosolubility. Carboxylate groups are also used to
improve the water solubility and biocompatibility of the cyanine dyes; for example,
IRDye800CW-carboxylate dispersed rapidly and was completely cleared after 48 h. The
water solubility of NIR dyes can also be improved by positive, negative, or zwitterionic
charging, given the examples of ICG and Cy7, etc. For most D-A-D NIR-II dyes,
PEGylation is the main modification that confers hydrophilicity, not only to the free dyes but
also to their labeled conjugate derivates.
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Besides the direct chemical modifications, the hydrophobic dyes need hydrophilic
encapsulation to be used in /n vivo experiments or clinical trials, in which the fluorophores
perform like nanoparticles, sometimes losing the advantage of small molecules such as in
rapid excretion and biosafety. Fortunately, such organic nanoparticles do have the advantage
of prolonged blood circulation time, enhanced tumor uptake and drug loading capacity. For
example, both polymers and albumin were used to load hydrophobic NIR-I dyes for imaging
or therapy applications.[107: 108, 109] Tang’ group and Liu’ group developed the widely used
nanoprecipitation strategy to transfer hydrophobic dye to hydrophilic organic nanoparticles,
[105, 110, 111] which has been used in NIR-I1 fluorophores. Qi et al. reported a stable NIR-11
organic nanoparticle by TPA-T-TQ molecule and DSPE-PEG through nanoprecipitation
route.[49] Tao et al. adopted polyacrylic acid and DSPE-mPEG to form the IR-1061
nanoparticles for NIR-11 imaging.[64] Cheng et al. used both nanoprecipitation and further
bioconjugation to achieve the molecular affibody-nanoparticle (DAP), affording both NIR-II
and photoacoustic imaging.[%] Shou et al. encapsulated NIR-11 fluorophore in phospholipid
vesicles to visualize the living circulatory systems and tumor.[97] Water solubility is the
prerequisite for clinical translation of NIR-I1 fluorophores, which needs increasing efforts in
terms of structure design, stability assessment, as well as pharmacokinetics test.

3.2 Fluorescence wavelength control

As the fluorescence of small molecules is controlled by the energy gap of the corresponding
chemical structures with specific Tt domains, the emission wavelength can be finely tuned
through chemical structure engineering, and there is a balance between the emission
wavelength and QY of NIR dyes. Although a longer emission peak could be obtained in NIR
molecules with large ¢ domains, the QYs always decrease dramatically from the first NIR to
second NIR windows. For example, Cosco et al. developed the new polymethine NIR-II dye
(Flav 7) with decreased QY (0.53%, IR26=0.05%) compared with its short-wavelength
derivatives (5% for Flav 5). [63]

Commercially accessible NIR-I dyes, with fluorescence emissions centering around the
NIR-1 region (700-900 nm), were recently proven to own bright NIR-Il emission tails,
providing a unique opportunity to directly translate NIR-11 bioimaging into clinical
theranostics (Figure 2a-c).[72 73, 74,751 zhy et al. further found that lots of commercial NIR-
I dyes have brilliant emission tails spanning to the NIR-I1 window, and screened the
brightest one, called IR-12N3, which is two-three times brighter than IRDye800/1CG.[3]
Very recently, Qi et al. also reported a synthesized fluorophore with NIR-11 tail emission by
using aggregation-induced emission luminogen (AlEgen), affording an aqueous QY as high
as 0.28% (IR-26=0.05%) over 900 nm.[195] Notably, due to the fact that NIR-I dyes always
have high QYs, while most of NIR-1I fluorophores fall victim to depressed QYs given the
inclining of non-radiative electron/hole recombination, the bright NIR-II tail emission will
reinvigorate the field of NIR-1l imaging with new opportunities. These ground-breaking
results afford an immediate route to promote the clinical NIR-1I bioimaging.[4°]

Zhu et al. systematically investigated the NIR-I1 emission tail of most commercially
available or clinically accessible NIR-I dyes.[73] By screening the tail emission of the most
commercially accessible NIR-1 dyes with fluorescence centered around 700 to 900 nm, they
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achieved the possibility of accelerated preclinical/clinical translation of NIR-II imaging by
employing the NIR-II tail emission (Figure 2d-f). The screened NIR-I dyes possessed very
brilliant emission tails in the NIR-11 window with improved QYs, absorption coefficients,
bioconjugation groups, as well as high enhancement factors in serum.[73] The discovery of
bright NIR-I1 dyes will pave the way for a better understanding of biological systems and
pathologies by simply replacing the detection camera in existing fluorescence navigation
systems, facilitating the transformational potential for a wide range of preclinical or clinical
theranostics. Furthermore, the theory modeling data is consistent with the observed NIR-11
emission tail. In detail, these cyanine dyes maintain a nearly flat electron distribution in the
Sp state, and with light excitation, middle carbon-carbon bonds of cyanine are elongated,
providing the smooth rotation in the process of the S; excited state.[”3] As a result, the
symmetries of the rt-conjugated core structure were destroyed and lead to a charge
redistribution, further inducing the twisted intramolecular charge transfer (TICT) process
(Figure 4).[112,113] Ensuing the intramolecular twisting, the environment-sensitive TICT Sy
state primarily returns to the ground state through NIR-I1 (red-shifted) emission.

3.3 Quantum yield enhancement of NIR-II dyes

By optimizing the electron acceptor, rt-spacers, electron donors, and substituent groups, the
optical properties of organic dyes could change dramatically. Intermolecular aggregation
should be avoided in the molecular design. Due to the occurrence of non-radiative electron/
hole recombination in NIR-1I fluorophores, strategies such as tuning the interactions
between NIR dye molecules, coupling with large and hydrophobic r-systems, and the
amphiphilic polymer or plasma proteins are efficient routes to design brilliant fluorescent
dyes emitting in the NIR-II regions.

Due to the fact that photo scattering and autofluorescence in tissues decrease with longer
wavelengths, fluorescence emission at prolonged wavelengths is more suitable for in vivo
imaging compared to visible light.[}14] As we mentioned in the last section, the low energy
gap fluorophores always suffered from the issue of, intermolecular interaction, nonradiative
and emission trapping, causing the low NIR-1I quantum yield. To reduce the intermolecular
interaction between conjugated backbones, several enveloping groups, such as EDOT and
dialkoxyl-substituted benzene, were designed to lower the conformational distortion to
maintain the rigid structure, enhancing the emission QY in aqueous solutions.[93. %41 By
systematically exploring the relationship between donor structure and brightness of D-A-D
dyes, Yang et al. achieved an optimal S-D-A-D-S structure. Aside from the single donor
structure of D-A-D fluorophores, an extra thiophene (the second donor) was applied to
engineer the whole conjugated backbone. Alkyl thiophene serves as a rigid unit to increase
the dihedral angle of S-D-A-D-S backbone, resulting in high quantum yields.[%5] They also
created a computational model to simulate the interaction environment between the designed
NIR-1I dyes and water molecules. The IR-FTAP was found to possess the least interactions
with H,O in comparison with other screened NIR-1I fluorophores, generating the highest
QY of D-A-D NIR-II fluorophores (Figure 5).

The capacity for optimizing the structure of D-A-D fluorophores is significantly improved
through the use of shielding, donor, and acceptor units.[] Based on the first water-soluble

Adv Mater. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 10

NIR-11 dye,[88] Sun et al.l9! further modified the CH1055 to increase QY. R1 substituent
groups on the fluorene unit are out-of-plane of the rt-conjugated system and accordingly
avoid intermolecular aggregation and quenching. At the same time, the designed dialkyl
substituted fluorene units distort the BBTD backbone to adjust the rt-conjugated system. In
addition, the fluorene moieties also serve as both the electron donor and shielding groups to
avoid aggregation. Based on this design principle, they synthesized three types of NIR-11
probes (SXH, SDH, and H1) with improved NIR-II brightness.

It is important that the interaction between NIR-11 dyes and proteins improves the brightness
of several dyes, due to the formation of H-dimer species at low water concentrations that
cause emission quenching. For example, ICG and IR12N3 were found to have 5-fold and 6-
fold brightness enhancement from water to serum buffers.l73! A sulfonated CH1055 analog
termed CH-4T yielded high binding to serum protein hydrophobic regions, significantly
increasing QY by ~110-fold (QY = 1.1%; IR26 = 0.05%) (Figure 6a-e). Wan et al.
encapsulated the hydrophobic dye through an amphiphilic polymer polystyrene-poly
ethylene glycol (PS-PEG), to produce an ultra-bright NIR-11 fluorophore (refer to p-FE,
Figure 6f-h).[99. 1151 The hydrophobic dye has inherent high QY in the organic solvent,[94]
and the absolute QY of the p-FE fluorophore was estimated to be 1.65% (IR26 = 0.05%).

Although NIR-Il imaging has been widely reported to have significantly reduced
autofluorescence/scattering and deep penetration advantages among different kinds of
optical imaging modalities, the “activatable” NIR-I1 nanoprobe in the NIR-11 region is very
promising to further promote the contrast resolution and signal-to-background (S/B) ratio.
[116] These agents are non-fluorescent or low-fluorescence in the inactivated state, but
produce fluorescent after reinvigorating by a specific stimulation. Xu et al. developed
dyes@silica nanocomposites (NIR-11@Si), which afford H,S-stimulated ratiometric
emission and illuminate-up the NIR-II light. They used a boron-dipyrromethene dye to
produce the NIR-II fluorescence under H,S activation and the aza-BODIPY fluorophore as
the internal reference, serving as the activatable nanocomposite. The activatable nanoprobe
can selectively visualize H,S-rich colon cancer, such as colorectal cancers.[106]

4. Bio-conjugation and biological behavior of NIR-II dyes

Existing NIR-11 contrast agents contain a vast number of molecular fluorophores, inorganic
QDs and carbon nanotubes, which are mostly used as non-targeted fluorophores. Several
molecule-specific probes have been developed in NIR-II regions.[88: 1171 For NIR-1I
macroscopic/microscopic imaging techniques to benefit from the long wavelength region
with low autofluorescence and scattering, the evolution of highly targeting NIR-11 molecular
agents is particularly important.

4.1 NIR-Il dyes with conjugation capacity

For most commercially available NIR dyes, many kinds of functional groups are designed to
endow them with bioconjugation capacity. Taking IRDye800CW from LI-COR as an
example; there are available versions in the forms of NHS ester, azide, alkyne, maleimide,
carboxylate, etc. Several high-performance NIR-1I dyes (e.g. IR-E1050-COOH, IR-E1050-
NH2, IR12-N3, IR-12-NHS) from Nirmidas Biotech also have functional groups for further

Adv Mater. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhu et al.

Page 11

bioconjugation. Much research has employed the NIR dyes for targeted staining/imaging
and bioassays, by using the functional groups for specific bioconjugations.

Functional NIR dyes were developed in more recent years to target specific cancer types
with anti-acceptor bioconjugation. Attaching fluorescent labels to clinical therapeutic
antibodies provides a streamlined path through the FDA approval processes for developing
the next generation of targeting fluorescent probes. An antibody lightly decorated with 1-2
organic dyes demonstrates a similar pharmacokinetic profile to an unmodified antibody. This
signifies that existing FDA-approved therapeutic antibodies minimally modified with
advanced NIR fluorescent organic dyes behave similarly in the body relative to the original
chemotherapy drug. This reduces the extensive pharmacological testing required if relying
on novel targeting structures used in conjunction with a new organic fluorescent dye.

The NIR-I1 molecule CH1055 was used as a tumor-specific contrast agent by conjugating to
a molecular ligand such as an affibody or hormone.[88: 1181 |n vivo imaging indicated high
molecular selectivity of the CH1055-affibody conjugate to an EGFR tumor, with an elevated
tumor to normal tissue (T/NT) ratio as high as ~15. Zhu et al. developed a clickable NIR-II
molecule (IR-FGP), and copper-free click chemistry utilizing the -N3 groups on the dye
afforded efficient bioconjugation to a wide variety of antibodies and proteins with assistance
from a dibenzocyclooctyne (DBCO)-PEG,-NHS ester linker (Figure 7a).[93 They also
developed efficient purification approaches, such as density gradient ultracentrifuge (DGU)
separations, given the fact that NIR-11 fluorophore conjugates are not compatible with
standard purification techniques (Figure 7b). They simultaneously developed an assay
analytical method with high sensitivity and high throughput, which was proved to be
compatible with cell staining protocols (Figure 7c-d).

In their further work, Zhu et al. developed a bright carboxyl NIR-I1 dye (IR-FEPC), which
was ~9 times brighter than the previously reported CH1055.[18] After optimizing the
conjugation conditions of IR-FEPC and ovary hormone (hCG) in several reaction buffers, a
high-performance hCG conjugate was achieved. By using their home-built NIR-I1 confocal
technique with the one-photon approach, this new bioconjugate facilitated the 3D mapping
of whole ovaries without tissue clearing techniques and achieved an unprecedented 900 pm
scanning depth (the deepest record using such a technique to date).

There are lots of well-established cancer cell markers that could carry the conjugated
fluorophores to target specific cancer, playing important roles in imaging guided-surgery and
therapy. The most widely used NIR-II molecular imaging relies on antibody-derived probes.
Compared to antibodies with large molecular weights and sizes, peptides, with their
competitive targeting efficiency, could afford extra rapid clearance ability. By developing a
novel peptide (CP) specific to tumor stem cell biomarker CD133, Wang et al. reported that
the renal excretion peptide-NIR-11 dye conjugate allowed for high performance in vivo with
tumor targeting ability.[190] In addition, the developed probes could be rapidly renally
excreted, in sharp contrast to the typical antibody-based conjugate with high liver
accumulation.
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4.2 NIR-Il dyes with renal/hepatobiliary clearance capacity.

Small molecules and their derived metabolites are proven to be excreted from the body
through urine and/or bile.[11%] Researchers have conducted systematic studies in live animals
by isolating tissues and cells, and have concluded that disparate transport systems might be
accountable for the transport of different types of organic molecules, including small, large,
anionic, and cationic compounds.[119: 1201 Dye to the complicated excretion pathways of
different materials, only a general rule can be presented: small and hydrophilic molecules
are excreted preferentially through urine whereas large and amphipathic molecules are
excreted predominately through the liver/bile.[45]

For both NIR-I and NIR-1I dyes, the most important aspect of potential clinical translatable
imaging or mapping is fast clearance with minimal retention in non-targeted organs after
injection and imaging, by either the hepatobiliary clearance or renal excretion pathway in
preference. The reported IRDye800CW (and other non-sulfonated cyanine dyes) and some
of the D-A-D NIR-II dyes are usually cleared via renal excretion, owing to their low binding
affinity with serum proteins and small molecular weights. PEGylation affords additional
advantages in lowering liver/skin uptake.[197. 120] The relationship between chemical
structure and excretion mechanism needs a systematic investigation to enrich the present
library of fast clearance NIR-II dyes.

The paucity of excretable organic dyes similar in properties to their shorter wavelength
FDA-approved counterparts has hindered the prospects of clinical imaging in the NIR-II
biological transparency window until recently. Above mentioned CH1055-PEG is a rapidly
excreted NIR-11 dye, 90% of which can be eliminated renally less than 24 h (Figure 8a and
d).[88] Zhang et al. reported an improved D-A-D dye with renal excretion capacity and
imaged traumatic brain injury (TBI) in the NIR-11 window (Figure 8b).[9] \ery recently,
Wang et al. and Wan et al. reported a renal excretion NIR-11 dye with QY as high as 1.5%
and developed a renal excretion peptide-dye conjugate (Figure 8c).[100. 101]

To figure out the excretion mechanism among NIR-II dyes, Tian et al. systematically
investigated several key NIR-I1 dyes and found that the liver uptake of NIR-I1 dyes has a
positive correlation with macrophage uptake.[192] Although some NIR-11 dyes have very
high binding affinities between proteins, the high macrophage uptake is the key factor for
liver accumulation. They concluded that renally-excreted NIR-11 dyes should have small
hydrated size, electroneutral chemical structure, fast dissociation with proteins, and low
macrophage uptake. This screened rule is very important to guide the efficient synthesis of
renally excreted NIR-II dyes.

4.3 Biocompatibility of NIR-II fluorophores

Although the water solubility and renal/hepatobiliary excretion are very important to apply
NIR-11 fluorophore to in vivo imaging, they are only the prerequisites and further addressing
the biocompatibility is the key point to clinical translation of fluorophores. Different from
medical devices and therapeutic materials, imaging agents have a specific definition of
biocompatibility. According to Wikipedia and Williams’ definitions,[121. 122] the
biocompatibility refers to “the quality of not having toxic to biological systems, or the
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ability of a fluorophore to behave with an appropriate body response in a specific
application, without undesirable local or systemic effects.” As a result, to fully evaluate the
biocompatibility, the synthesized materials have to first pass several standard in vitro tests,
such as those described in the International Organization for Standardization (ISO) 10993
protocols. After proving the in vitro biocompatibility, the animal testing and clinical trials
will be performed in sequence.

The current reports on NIR-11 fluorophores are only limited to preliminary pharmacokinetics
study. Using NIR-I1 signal to locate the fate of NIR-1I fluorophores in living body or organs
is much straightforward but lacking sufficient accuracy. An improved or alternative strategy
has to be developed to solve this issue. Moreover, the administrated dosing and adverse
effects have to be considered and systematically optimized. Because the NIR-II fluorophores
are used for intravenous, subcutaneous or intramuscular injection for several kinds of
imaging, the in vitro and in vivo toxicology testing should be conducted before any first-in-
man study or clinical trials. The principle of structure design or modifications to improve the
biocompatibility of NIR-I dyes should also be adopted in the synthesis of NIR-II dyes.
[107,123] Even that FDA-approved ICG could be repurposed to be NIR-I1 fluorophore, we
still need much effort to translate other high-performance NIR-I1 fluorophores into the
clinic.

5. Whole body cancer imaging with NIR-Il dyes

With the advent of NIR-11 dyes, researchers can visualize deep anatomical features with
fantastic clarity. After laser excitation, optical NIR-Il photons travel nearly unperturbed
through the body with minimal autofluorescence signal generated by the surrounding
tissues. NIR-11 photons, compared to their traditional visible and NIR-1 counterparts,
[124,125] gre |ess attenuated or scattered during their journey out of the body. The
combination of minimal light-tissue interactions and low background noise provides a clear
view deep into the body, capable of extraordinarily high signal-to-background ratios that are
only achievable when moving from the NIR-I to NIR-II region. Using NIR-I1 organic dyes
with imaging systems capable of detecting their low energy emitted photons, researchers
have achieved optical penetration depths up to 1 cm and micron-scale resolution imaging of
anatomical features that are otherwise unresolvable with traditional fluorescence imaging.
[18, 99, 105] This has enabled non-invasive, through-the-skin/skull imaging of the mouse
cerebral cortex, real-time subdural visualization of blood hemodynamics in response to
traumatic brain injuries, and deep tissue tumor detection with unprecedented signal-to-
background ratios.

5.1 Cancer detection

Fluorescence imaging is a powerful tool that allows researchers and physicians to peer
directly inside biological tissues.[X] For in vivo fluorescence cancer detection, nonspecific
and cancer targeting agents are currently available.[126] These methods have been used to
detect cancer by measuring biomarker expression levels.[9] Traditional medical
fluorescence imaging uses wavelengths spanning the visible (400-700 nm) region of the
electromagnetic spectrum. These wavelengths, however, display poor optical penetration
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depths as well as high levels of photon scattering and background autofluorescence. As a
result, traditional medical fluorescence imaging cannot effectively resolve features below the
surface of the skin (~0.4 mm penetration depth). High photon scattering when traveling
through tissues at these wavelengths causes physiological features to appear blurry or out-of-
focus when imaging deeper into the body. Additionally, the high background tissue
autofluorescence surrounding fluorescently labeled anatomical structures results in low
image contrast that reduces doctors’ ability to positively identify a feature of interest.

NIR-I1 targeted imaging for cancer detection has been explored in several papers. Antaris et
al. applied a NIR-1I dye@affibody conjugate to a test head and performed NIR-II imaging-
guided surgery (Figure 9).[98] Although PEGylation of CH1055 produces the renally
excreted NIR-Il imaging contrast agent, CH1055 with carboxyl groups could function with
more tumor-specific targeting ability by linking to an affibody. When the CH1055@affibody
conjugate was injected into squamous cell carcinoma (SCC) tumor-bearing mice at a
suitable post-injection time point, the tumor position signal could be distinguished with a
T/NT ratio as high as 15, which is a five-fold increase compared to NIR-I imaging with a
similar affibody and tumor model.

Sun et al. conjugated the NIR-II fluorophore H1 with an RGD peptide and investigated
targeted tumor imaging in U87MG tumor-bearing mice (Figure 10).[91] The U87MG tumor
was visualized at 2472 h post-injection time points, with the maximum signal at 48 h. An
RGD blocking experiment was additionally conducted to prove the specificity of HH@RGD
for the integrin a3 receptor. The follow-up ex vivo biodistribution study indicated that the
liver and kidneys possessed the highest conjugate uptake, indicating the combination
clearance routes of both the hepatobiliary and renal systems of the HL@RGD conjugate. The
ex vivo NIR-I1 signal indicated that the uptake of HL@RGD in tumors was higher than in
other normal tissues except the liver/kidney, confirming the excellent integrin a.,fB3-targeting
ability.

Wang et al. developed CD133 conjugated NIR-1I probes for /n vivotumor imaging. A new
CD133 peptide (CP) was screened for high affinity/specificity. CP based NIR-1I probe (IRT)
was developed as CP-IRT, which was employed to realize high-resolution CD133* tumor
imaging with high SBR and specificity. CP-IRT is a peptide-conjugated small molecular
probe for targeted tumor imaging which demonstrates renal excretion behavior with minimal
toxicities and low organ uptake. Compared to the antibody-modified IRT, which revealed
high uptake in the liver, CP-IRT showed quick renal excretion behavior. As a result, CP-IRT
probes showed the potential for clinical use.

The NIR-II tail emission of commercially available NIR-I dye was also investigated as
molecular imaging in the SCC tumor with Erbitux@IR-12N3 conjugate.l”3] The tumor was
observed with the highest signal accumulation compared with other organs in broad NIR
regions. The uttermost T/NT ratio was quantified statistically as ~4 in NIR-1 window and
~10 in NIR-II region, demonstrating the superior contrast improvement spanning the
imaging from NIR-1 to NIR-1I windows. Moreover, the IR-12N3 derived NIR-11 molecular
imaging also eliminated the disadvantage of typical D-A-D dye based molecular imaging,
which has unavoidable liver uptake. Due to the highly relevant of the cyanine dye with
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clinical imaging set-up, the increased imaging contrast from NIR-1 to NIR-11 windows with
the same probe system exhibit extraordinary promise for intraoperative navigation surgery.

5.2 Vessel imaging of tumor development

Cancer imaging is an important method for early detection and imaging-guided surgery.
Except for targeting cancer cells, imaging of small vessels plays a crucial role in
investigating and understanding the tumor microenvironment. Several significant findings
have emerged from recent applications of advanced vessel imaging methods. Vascular
imaging in real time manner that equips both anatomic and hemodynamic information will
extremely facilitate the cancer detection and accurate assessment of therapeutic effects.[127]
NIR-11I fluorophores have been successfully applied in monitoring tumor vessels /in vivo,
showing great penetration depth and micrometer spatial resolution.

As mentioned above, Wan et al. developed an ultrabright NIR-11 complex p-FE
(hydrodynamic size is 11 nm) through the hydrophobic dye and amphipathic polymer (PS-
PEG).[%9 They further performed a three-dimensional (3D) vessel imaging in the mouse
brain with the home-built NIR-I1 confocal set-up.[%] Benefited from both high brightness of
the developed fluorophore and deep penetration of NIR-1I imaging, they achieved an
unprecedented 3D vessel imaging with one-photon NIR-11 technique. Tiny vessel with 5-7
um width could be visualized with great contrast while the imaging depth can be as deep as
1.3 mm (Figure 11). They further performed the tumor imaging through the well-known
enhanced permeability and retention (EPR) effect and prolonged circulation time of the p-
FE nano-complex. After tail-vein administration of p-FE, the 4T1 tumor was lighted up over
time and accumulated to peak at two days time points with the T/NT ratio as high as ~12.
The high brightness and tumor uptake allow real-time imaging with short exposure time (1
ms for 1200 nm long pass window and 5 ms for 1300 nm long pass window). It will be great
if there are two dyes with disparate emission in NIR-11 window, which could be used as
dual-color imaging agents, however, there are still no successful reports on longer emission
of aqueous soluble NIR-I1 dyes over 1500 nm. In current reports, laser-ablation produced
carbon nanotubes (CNT) and lead sulfide QDs with emitting in the NIR-I11b window were
used to combine with NIR-II dyes to achieve dual-color NIR-II imaging. For example, Wan
et al. lighted up the tumor with laser-ablation CNT and vessels with the p-FE fluorophore
(Figure S12) simultaneously.[9] Zhu et al. achieved dual-color imaging follicle stimulating
hormone (FSH) and human chorionic gonadotropin (hCG) receptors in the mouse ovary with
a NIR-Il dye in 1100-1300 nm window and lead sulfide QDs in over 1500 nm window.[1€]

5.3 Lymphatic imaging for cancer diagnostics

The exact detection and identification of lymph nodes by direct imaging approaches have
essential therapeutic and prognostic significance for cancer diagnostics. Although current
cross-sectional imaging modalities can detect the large size of lymph nodes, due to the fact
that the metastases could be existing in non-enlarged lymph nodes and not all enlarged
nodes are malignant, the nodal metastases are prone to exaggerated prognoses in patients.
NIR-11I fluorescence imaging affords the possibility to solve this resolution-limited issue,
while PET is still constrained by the limitations of current resolution for small nodal
metastases. Compared to multifarious imaging techniques and modalities, optical imaging is
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a promising intraoperative technique. Using NIR-1I imaging agents and robot-assisted
surgery, surgeons will be able to find efficient routes for many kinds of surgical operations,
relying on visual cues of the imaging set-up instead of tactile feedback by the naked eye.

Optical navigation surgery has been performed in NIR-I regions with several successful
surgical guided set-ups.[103. 104, 128] However, Imaging the deep lumbar lymph nodes is
always challenging for optical imaging. By stretching the mouse body to narrow the space
between the lumbar lymph nodes and body surface site, NIR-Il imaging can visualize two
lumbar lymph nodes while NIR-I imaging fails to capture these structures. NIR-1/11 lymph
node imaging was achieved with the NIR-I/1l dye IR-12N3 in nude mice. IR-12N3 based
NIR-11 imaging of mouse lymph nodes promoted an improved lymph node-to-background
ratio, which was 5 fold greater than that in the NIR-I region with significantly clearer lymph
node lineaments.[”3] The superior lymph node imaging by NIR-II tail emission of IR-12N3
with incredible imaging contrast is paralleling the image quality of the same lymph node
through previous D-A-D dyes (Figure 13a—g).

ICG has found a great application in accurately mapping sentinel lymph nodes (SLN) for
specific surgical resection, which is under several clinical trials. Selectively cutting sentinel
lymph nodes decreases lymphoedema, which can be used to prevent tumor metastasis.
Clinicians used ICG to monitor the lymphatic vessels draining the tumor, coupling with the
sentinel lymph nodes. Antaris et al. achieved the lymphatic vasculature system, lymph node,
and lymphatic draining tumor imaging in U87MG tumor-bearing mice (Figure 13h—k).[88
Their S/B ratios of lymphatic vasculature exhibited a much sharper structure in a CH1055-
PEG injected mouse compared to the ICG one in the NIR-I window, with lymph node SBR
improved by nearly a factor of two. In sharp contrast to ICG with low tumor uptake,
interestingly, strong tumor uptake was observed in a CH1055-PEG injected mouse with the
T/NT ratio up to ~5 at the 24 h post-injection time point.

5.4 Clinical potential of the NIR-Il emission tail of NIR-I dyes

The importance of ICG’s NIR-I1 emission tail should not be understated, as ICG-based near-
infrared imaging in becoming the standard of care in many surgical procedures. For instance,
based on the multi-institutional PILLAR II clinical study findings,[229 ICG fluorescence
angiography provides an indicator of tissue health during left-sided colectomy and anterior
resections. Intraoperative ICG tissue perfusion visualization routinely modifies surgical
planning to prevent catastrophic anastomotic leak complications. Fluorescent biliary tree
delineation during cholecystectomies has identical success to intraoperative x-ray based
cholangiography;[13% clear cystic/hepatic duct identification shows promise for reducing the
~0.5% bile duct injury rate in minimally invasive surgery. The National Comprehensive
Cancer Network (NCCN) recommends fluorometric sentinel lymph node (SLN) mapping in
endometrial cancer via direct cervical ICG injections.[*31] Extracting pelvic/para-aortic
sentinel lymph nodes, which are 3-fold more likely than non-SLN to harbor tumor
metastases, provides accurate staging for optimizing postoperative patient care. Finally, ICG
entrapment in cytokeratin 7-positive hepatocytes compressed by colorectal liver metastases
highlights an emerging,[32] innovative visualization strategy for millimeter-sized tumors
that are easily missed in hepatic resections. Optically filtering ICG’s NIR-11 photons should
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improve upon optical penetration depths, feature size resolution, and signal-to-background
ratios in these and a whole host of other ICG surgical applications. For instance, NIR-11 ICG
imaging may allow for deeper, finer structural imaging in higher BMI patients while
improved ICG tumor-to-background ratios may increase colorectal liver metastases
identification. Giving surgeons the intraoperative ability to tune to specific fluorescent
detection bands in the NIR-1/I1 wavelength regions should tailor visualization to specific
surgical tasks.

Exploiting the long NIR-I1 emission tails of NIR-I dyes provides an interesting new
preclinical synthetic approach for the next generation of NIR-11 emissive fluorophores.
While both cyanine and polymethine-based dyes (ICG, IR12-N3 and IRDye800CW) display
intrinsic NIR-11 emission tails, iterative side chain modifications, as well as new functional
core structures should continue to improve upon NIR-II emission levels. Spectroscopic
analysis of all molecular fluorophores that straddle the division between the NIR-I/11 regions
on both silicon and InGaAs detectors may provide further insight into additional dye classes
with elevated NIR-1I emission levels. Innovative new approaches, which include utilizing a
7-dimethylamino flavylium heterocycle to construct a polymethine dye library in the NIR-
I/11 regions, require further investigation as off-peak NIR-I dyes may possess stronger NIR-
I emission levels than peak NIR-I1 dyes. Other NIR-I dye structures, such as xanthenes,
porphyrins, squaraines and boron-dipyrromethanes,[43] require deep reinvestigation in the
near future to obtain additional dye classes with strong NIR-Il emission tails. To expedite
clinical translation, NIR-I peak dyes currently within or starting clinical studies including
ZW800-1, 1S001, and IRDye800 derivatives should undergo careful InGaAs/silicon spectral
analysis. Reassessing both NIR-1 and NIR-1I optical characteristics may uncover a clinical
NIR-1 dye with superior NIR-1I performance relative to ICG/IRDye800CW.

6. NIR-Il microscopy imaging and future intraoperative NIR-Il image-

guided surgery

With the well-established library of NIR-11 fluorophores and bioconjugate derivatives, we
have great opportunity to develop NIR-II imaging set-ups for both lab-scale and/or clinical
use. We mainly discuss the NIR-Il microscopy imaging and potential intraoperative NIR-11
imaging-guided surgery in this section. Because of the significant decrease of tissue
autofluorescence and scattering, NIR-11 based microscopy imaging and guided surgery will
afford much-improved penetration depth and accuracy.

6.1 NIR-Il microscopy imaging

Progresses in in vivo fluorescent imaging of biologically relevant entities in the NIR-11
region allow for probing deep tissues with elevated resolution. However, most reports on
NIR-1I fluorescence imaging acquired images in a wide-field imaging set-up, in which
images were captured as two-dimensional (2D) surface-weighted, epifluorescence
photographs that contained insufficient depth information for 3D reconstruction and
rendering of volumetric images. Moreover, imaging set-up based on the wide-field route
generally superimposes the signal onto the two-dimensional plane, reducing the imaging
resolution and the penetration depth. In contrast, confocal imaging can record signals
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through a tiny pinhole and reject out-of-focus signals, allowing for a three-dimensional
mode imaging. However, a specification for confocal imaging is the highly selective
targeting of the fluorophore, which is required to perform 3D imaging with sufficient
resolution to obtain the feature of interest. Targeted molecular imaging allows for better
sensitivity/specificity, considering that the un-conjugated NIR-II dyes result in high
nonspecific background signal.[18]

There are also several home-built fluorescence platforms for high resolution and high
contrast live imaging.[18 133,134, 135] \We summarize two key NIR-11 microscopy set-ups and
their advantages in visualizing the tumor microenvironment with sub-cellular resolution.
Super-resolved fluorescence microscopy, two-photon microscopy, light-sheet microscopy,
and NIR-II confocal microscopy are also expected to be combined with suitable NIR dyes,
providing the possibility to observe the whole tumor heterogeneity.

To collect quality NIR-I1 imaging with high resolution in the micrometer scale, Dai’s group
built a NIR-I1 confocal microscope based on the NIR-11 sensitive detector and optical parts.
The scheme of the home-built confocal microscope was shown in Figure 14a;[18] in short,
the excitation laser (green, 785 nm in their report) went through the excitation filter,
dichroic, and finally into the 100X objective. With excitation of the NIR-1I probes, the
emission signal of the scanned samples went back from the objective. The short-pass
dichroic filter placed in the excitation route can reflect the emission light, which was labeled
as the pink beam in Figure 14a. The reflected signal was then focused onto the pinhole
several um in size and passed through an emission filter. The collected signal with high
focus finally went into the photomultiplier diode (PMT). Based on their high performance,
NIR-1I conjugate and the developed NIR-II high-resolution confocal microscopy performed
three-dimensional NIR-11 imaging with pm resolution and detected three particular ovarian
stages with theca, granulosa, and luteal enriched cells, respectively (Figure 14b-c). The
penetration depth can reach around 1000 um. They further built a NIR-I1 light sheet
microscopy (LSM) with optical excitation and detection wavelengths up to 1320 and 1700
nm respectively. The frame-to-frame imaging route afforded a much-improved scanning rate
and can visualize never-before-seen dynamic biological processes.[134]

Observing deep tissue information in vivo at a (sub)cellular resolution to explore the
molecular signals and cell behaviors is a critically important direction for both oncology and
other biological processes. Intravital imaging, affording quantitative and dynamic
visualization/mapping into tumor biology and immunology, has realized this goal,[}36] with
the help of the long-term imaging windows (cranial window, dorsal skinfold chamber, the
mammary window, as well as abdominal window).[137] There are several reports regarding
the intravital imaging of the tumor microenvironment.[137. 138, 1391 \\e expect that NIR-11
intravital imaging will create a dramatic chapter of tumor microenvironment imaging with
deep penetration, high resolution, and three-dimensional capacity.

6.2 Future intraoperative NIR-Il image-guided surgery

The reduced tissue autofluorescence and scattering are the motivation for developing NIR-11
fluorescence-derived biomedical imaging (Figure 15a-b). Whether for laparoscopic or open
surgery, all clinical camera systems rely on a silicon semiconducting active layer for
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converting visible/NIR-I photons to electrical energy. Silicon charge-coupled devices (CCD)
and complementary metal-oxide semiconducting (CMOS) detectors accumulate charge in
response to incident photons in the range of 300—-1000 nm. After 1000 nm, silicon’s
quantum efficiency drops precipitously (< 5%), disallowing detection of NIR-1I-emissive
fluorescent probes. Fortunately, other semiconductors including indium-gallium-arsenide
(InGaAs) provide high quantum efficiencies (QE = 70-80%) up to ~1700 nm, with certain
proportions of InAs/GaAs facilitating detection past 2.4 um. InGaAs, a direct low band-gap
semiconductor, is predisposed to high dark currents owing to ambient thermal energy
populating the conduction band with electrons (Figure 15c¢). This requires daily liquid
nitrogen cooling for older generation InGaAs cameras. However, newer InGaAs sensors,
vastly improved as a result of industrial/military remote sensing technology and operate at
temperatures of only —60 to —30 °C, a feat achievable solely with thermoelectric cooling. A
variety of commercial InGaAs cameras capable of low energy NIR-I1 photon detection show
promise for incorporation into clinical imaging hardware.

The discovery that NIR-1 dyes (ICG/IRDye800CW/IR-12N3) displays long emission tails
reaching into the NIR-11 region highlights potential deficiencies in photospectrometer
characterization past ~ 900 nm. These discrepancies serve as a cautionary tale for optical
characterization in regions of low silicon sensitivity. Disparate fluorophore emission levels
in this region have far reaching implications; for instance, ICG’s labeling package insert
across commercial dye manufactures incorrectly shows negligible fluorescent emission at
900 nm. ICG’s chronic fluorescence underrepresentation past ~900 nm in academia/industry
speaks to the fact that optical spectroscopy at wavelengths where silicon’s absorption
coefficient drops precipitously requires careful consideration. Organic dye designers must
take into consideration that emission spectrums are corrected by the underlying
semiconducting active layer’s spectral sensitivity; while silicon sensors typically yield a
relatively flat response in the visible region, sensor electrical responses are corrected by
larger factors to account for decreasing photon NIR-11/SIWR responses. These recent results
highlight the importance of spectral analysis on both silicon and InGaAs sensors for
understanding the true optical properties of NIR fluorophores.

Current NIR-I fluorescence navigation systems show a division between open imaging
platforms (e.g., Novadaq Spy, SurgVision, FLARE, Photodynamic Eye, GXMI Navigator,
Fluobeam, SurgOptix) and endoscope-based systems (e.g., Novadaq Pinpoint, da Vinci
endoscopes, Stryker, Storz, Artemis) for laparoscopic/robotic surgery.[62: 1401 |nnovations in
fluorescent imaging hardware and display technology have kept pace with new fluorophore
chemistry and molecular targeting advances. These include full-color infrared imaging (co-
located NIR and white-light endoscopic image), intraoperative quantification of fluorescent
signal intensity, and augmented reality displays such as Microsoft HoloLens which overlay
fluorescence onto the surgical scene after co-registration. Continued innovation in vision
engineering can produce instrumentation that supports both ICG and IRDye800CW. By
simply switching the detection camera in existing fluorescence navigation systems, we
anticipate that the bright NIR-1I tail emission of the clinical NIR-I dyes will boost the
clinical translation of NIR-1I imaging techniques. A fluorescence navigation system with
tunable detection bands spanning the NIR-I to NIR-I1 range could further support
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multiplexed fluorescent probe imaging for visualizing multicomponent complex disease
processes simultaneously (Figure 15d).[141]

7. Conclusion and outlook

NIR-11 biomedical imaging is efficient for probing deeper into the tissue/body with
enhanced precision as a result of the much-decreased tissue scattering and autofluorescence.
With insights from materials chemistry, optics/imaging instrumentation, and medicine,
development of long wavelength infrared dyes fluorescing in both the first and second NIR
regions is not compromised by the adverse interactions between excitation laser and organs/
tissues mentioned in this review. However, NIR dye imaging, especially with respect to NIR-
Il derived imaging, is still in its infant stage, calling for more high-performance syntheses
with tuneable emission wavelengths and high quantum yields. Although imaging at any
wavelength past 1000 nm is an improvement over the visible/infrared regions, recent work
indicates that NIR-11 sub-windows such as NIR-Ila and NIR-IIb provide a further boost to
imaging performance, which requires NIR-I1 dyes with strong emission within these regions
(the existing NIR-I1 dyes only fluoresce <1500 nm window). Adequate small molecule
fluorophores with bright emission or activatable ability at this region are still lacking.

87, 116, 142, 143, 144] |y addition, the polymer or supermolecular based NIR-I1 fluorophores
are also promising due to the multi-function integration, serving as important additives for
the whole library of NIR-I1 fluorophores.[142. 145,146, 147]

NIR-1 imaging is rapidly progressing towards a path of extensive clinical use. NIR-11
imaging has reached a transformative stage, not just for basic research, but for much more.
In the authors’ view, a particularly important feature is that it facilitates the rapid clinical
translation of the NIR-11 imaging technique with the development of both fluorophore
synthesis and navigation system technologies. The discovery that clinical infrared dyes
display bright emission tails over 1000 nm offers exciting opportunities for enhanced
surgical imaging. We anticipate that bright commercially-accessible and clinically-available
NIR-11 fluorescent probes will see extensive use, particularly in clinical applications when
surgeons demand to assess cancer margins and map the specific anatomical structures.
Integration of InGaAs camera into existing imaging navigation platforms could afford broad
NIR-11 spectrum imaging ability for great improving imaging quality and surgical precision.
An integrated diagnostics system combining NIR imaging and other deep penetration
imaging modalities will allow for more efficient detection and surgery of cancer compared
to single-mode imaging. Other optical imaging modality, such as photoacoustic imaging will
also improve the imaging depth in NIR-11 window.[111, 142, 148, 149]
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a Cyanine dyes with peak emission in NIR-I window

Core 1 Core 2 Core 3 Core 4

Figure 1. Typical chemical structures of cyanine and other polymethine fluorophores in NIR-1/11
windows.

a) The typical backbone structure of cyanine dyes. Representativeness of Core 1 is ICG,
IR-125; Core 2: IR-820, IR-830, Cy7.5; Core 3: DiR, HITCI; Core 4: IRDye800cw, IR-783,
IR12-N3, Cy7, IR-775, IR-780, etc. The cyclohexene can also be replaced by cyclopentene
or other derivatives, e.g. IR-806, IR-797, IR-140, etc. NIR-II tail emission of part of NIR-I
dyes was observed.[3] Reprinted with permission from Ref. [73]. b) Chemical structure of
FD1080,[%9] similar core structure also includes commercial IR-1048 and synthesized
IR-1048-MZ.["1]1 ¢) Chemical structure of IR-26 dye. d) Chemical structure of IR-1061. )
Flav7 absorbs and emits light over 1000 nm, with much-enhanced QY and absorption
coefficient. Reprinted with permission from Ref. [63],
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Figure 2. Highly photoluminescent cyanine dyes (peak emission at 750-850 nm) have
nonnegligible emission tails ending up to NIR-I1 region.

a) The NIR-II tail of ICG and IRDye800 was first reported by Antaris et al.l72] in their paper
Figure S14: NIR-11 spectra of NIR-I/11 dyes past 1000 nm. Emission spectra at wavelengths
longer than 900 nm after 808 nm laser excitation from NIR-II fluorophores including
CH-4T, CH-4T/FBS, and HiPCO carbon nanotubes as well as NIR-I dyes such as IRDye800
and ICG/FBS. Reprinted with permission from Ref. [72]. b-c) NIR-II fluorescence emission
of typical cyanine dye, ICG. b) Silicon detector (blue line) artificially suppressed the true
emission shoulder due to the sharp drop in quantum efficiency starting at 900 nm. The
InGaAs detector (red line) can recover the true emission tail of ICG. ¢) The NIR-I1I
fluorescence of ICG was even detectable up to 1575 nm. Reprinted with permission from
Ref. [74], d-f) Absorption, NIR-I and NIR-II emission of commercial cyanine dye IR-12N3.
The inset figure is 2D NIR-1I imaging of IR-12N3 aqueous solution at 1100, 1200 and 1300
sub-window, respectively. d) Testing the emission of IR-12N3 under a silicon detector
recorded a false emission spectrum, which disobeyed the mirror rule (absorption spectrum is
symmetry with the emission spectrum). e) The InGaAs 1D detector with high sensitivity
spanning from 850 to >2000 nm can monitor the accurate emission spectrum of IR-12N3 in
this region. f) NIR-1 QYs of IR-12N3 was quantified 2-3 fold higher than IRDye800CW or
ICG in FBS buffers. Reprinted with permission from Ref. [3],
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Figure 3. Chemical structures of current hydrophobic and water-soluble D-A-D fluorophores.
a) Peak regulation (from 1000 to 1400 nm) of hydrophobic D-A-D dyes with tuning both

acceptors and donors. A typical guidance of chemical structure design is reported for D-A-D
fluorophores with three acceptors, and the selective combination produced fluorophores 1-9
with tunable emission spectra in toluene. Reprinted with permission from Ref. [501[51] p)
The general structure of recently reported D-A-D/S-D-A-D-S dyes for NIR-11 bioimaging. ¢)
The first water-soluble NIR-I1 dye is CH1055-PEG. Reprinted with permission from Ref.
[88]_ d) Design of NIR-II dyes based on CH1055 scaffold and the chemical structures of Q1-
Q4. Reprinted with permission from Ref. [92]. e) Schematic illustration of the design of
bright molecular fluorophores with either single or double-donor optimization produced
several key fluorophores.[18. 89. 93, 94] Reprinted with permission from Ref. [%°]. To avoid
repetition, please also check other structures in Figure 6,721 8[98. 101,102] '10.[91] and Table
1.
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Figure 4. Theoretical calculation revealed the NIR-11 tail emission mechanism of cyanine dyes.
a) The calculated backbone structure of ICG and IR-12N3. b-c) The relationship between

bond lengths and emission wavelength with respect to twisted angles. d) The simulated
HOMOs and LUMOs shapes for two typical cyanine core structures. ) Quantitatively
mapping of electrostatic potential (ESP) exterior for the backbone of cyanine dyes. f) The
graphic interpretation of the emission tail mechanism and TICT was suggested for such tail
emission behaviors. Reprinted with permission from Ref. [73],
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Figure 5. Theoretical simulation of the interaction between H>,O molecules and the BBTD core
acceptor of the D-A-D dyes (IR-FTAP and IR-FTTP).

Grey part indicates the rt-electron cloud; blue line represents a PEG chain; the yellow line
shows an alkyl chain; the HoO molecules neighboring the BBTD internal in the adequate
contact space (R = 6 ~ 7 A) are shown as a definite water model. Reprinted with permission
from Ref. [%5],
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Figure 6. QYs enhancement of NIR-I1 fluorophores.

a) CH1055 a

nd its derivative CH-4T. b) NIR-Il imaging of CH-PEG and CH-4T in DIUF,

FBS and PBS, respectively (imaging details: 1100 nm long-pass filter (LP), 10 ms exposure
time). c) NIR-11 emission spectra of CH-PEG and CH-4T. d) Intensity normalized

fluorescent s

pectra of CH-4T in a different medium, indicating a blue shift in FBS. e) DGU

proved that CH-4T@FBS complex has a larger weight than free CH-4T molecules (imaging

details: 1000
Il nanocomp

nm LP, 10 ms). Reprinted with permission from Ref. [72]. f-h) The bright NIR-
lex p-FE was developed by polymer wrapping method. f) Scheme of synthesis
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of the p-FE fluorophore. g-h) DLS analysis, absorption, and NIR-I1 emission spectra (808
nm laser excitation) of the p-FE fluorophore in PBS buffer. Reprinted with permission from
Ref. [99],
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Figure 7. Bioconjugations between NIR-11 fluorophores and proteins.
a) The copper-free click chemistry was applied to conjugate the IR-FGP fluorophore with

proteins of interest. b) Density gradient ultracentrifugation (DGU) was performed to purify
the SA@IR-FGP and Erb@IR-FGP conjugates. The applied sucrose gradient encompasses
from 1.06-1.23 g/ cm3 (15-50 wt.%) (imaging details: 850/1000 nm short-pass (SP) filters
and 900/1100-nm LP emission filters). ¢) A new reverse phase protein lysate microarray
method was exploited to test the quality of conjugates. In detail, 1. The BSA-biotin,
“catching” a primary antibody or cell lysate, was printed on the gold chips. 2. The purified
conjugates were incubated on top of the printed spots under the cavity of frames. 3. Check
the PL intensity by 10X magnification NIR Il set-up with desired long-pass emission filter
combination. d) Targeted cell imaging by Erb@IR-FGP on positive and negative cell lines
respectively (imaging details: 785 nm excitation and 1050 nm LP emission filter). Reprinted
with permission from Ref. [93],
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a CH-1055-PEG b IR - BGP6

Bladder

SWCNTs

Figure 8. Renally excreted NIR-11 dyes.
a-c) Chemical structure of renally excreted NIR-11 dyes (CH1055PEG,[88] IR-E1,[%8] and IR-

BGP6[100. 1011y with D-A-D or S-D-A-D-S structures. d) Injection of CH1055-PEG and
HiPCO SWCNTs fluorophores in mouse showed disparate liver and bladder signals,
respectively, indicating the typical behavior of renally excreted molecules (imaging details:
1200 nm LP, 100 ms). Reprinted with permission from Ref. [88],
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Figure 9. The first NIR-11 molecular imaging-guided tumor surgery.
a) Reaction scheme of NIR-II conjugate CH1055@affibody. b) Targeted cell staining

indicated the successful conjugation of CH1055 with EGFR affibody. c-d) NIR-1I imaging
with tail injection of CH1055@affibody conjugate showed great targeting ability. e) The
imaging-guided surgery can remove the tumor via complete excision. f) T/NT ratios with
CH1055-affibody targeted tumor imaging. Reprinted with permission from Ref. [88],
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Figure 10. NIR-11 molecular imaging with the peptide conjugate.
a) Scheme of SXH and H1. b) Absorption and emission of H1. ¢) U87MG cell targeted

imaging with HLI@RGD conjugates. d) U87MG tumor-bearing mice imaging with
H1@RGD conjugates or the blocking agent RGD (imaging details: 1000 nm LP, 200 ms).
Reprinted with permission from Ref. [91],
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Z=880.2 pm Z=1036.8 pm Z=1323 pm

Figure 11. NIR-11 confocal imaging of brain vessel.
a) Picture and NIR-II imaging of mouse brain after p-FE administration above 1200 nm long

pass filter and 5 ms exposure time. b-d) NIR-1I confocal imaging can reconstruct the three-
dimensional vessel structure in the mouse brain. The field view of b is 200 pm2, ¢ is
3000*2000 pum (imaging details: 785 nm excitation, 1100 nm LP emission, laser power ~30
mW). Reprinted with permission from Ref. [99].
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Figure 12. NIR-11 dual-color tumor imaging.
a) Whole body imaging of 4T1 tumor-bearing mouse after p-FE administration (imaging

details: 1300 nm LP, 5 ms). b) The laser-ablation CNT was used to light up the 4T1 tumor
while p-FE was injected to visualize the tumor vessels. ¢) NIR-1I confocal dual-color
imaging of 4T1 tumor. The field view is 740 um?, and the scanned depth was 220 pm
(imaging details: 2-5.4 um step size, Laser power ~30 mW, 15 min/frame, Pinhole: 150-300
pm, 1100 nm LP+1300 nm SP for p-FE, 1500 nm LP for laser CNT). Reprinted with
permission from Ref. [99].
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Figure 13. NIR-11 lymph node imaging through NIR-I1 fluorophores.
a) Photograph of imaging position/field view of a nude mouse for popliteal and sacral lymph

nodes imaging. b) NIR-I imaging with ICG showed much scattering of lymph nodes
(imaging details: 16 mWcm™=2 785-nm laser with 780 band-pass filter, silica camera, 50 ms).
c¢) NIR-II imaging with either CH-4T/PBS (left foot) or CH-4T/HSA-HT (right foot) showed
the sharp shape of the lymph nodes. Scale bar is 1 cm (imaging details: InGaAs camera,
1100 nm LP, 100 ms). d) Photograph of imaging position/angle for lumbar lymph nodes
(yellow stars). e) Scheme of compressing mouse reduced the distance from 1.5 to 0.5 cm. f)
NIR-1/11 mapping of lumbar lymph nodes with the administration of ICG and CH-4T@HSA
complex, respectively. Scale bar is 1 cm (imaging details: silica camera and 300 ms for ICG
channel, InGaAs camera and 400 ms for CH-4T channel). g) Signal profiles of lumbar
lymph nodes. Reprinted with permission from Ref. [72]. h) The photograph showed a
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U87MG tumor-bearing nude mouse, with the intramuscular injection of ICG or CH1055-
PEG. i-k) NIR-I/NIR-Il imaging exhibited different imaging quality of inguinal lymph node
and adjunctive lymphatic vasculature (imaging details: 850-900 nm and 100 ms for ICG,
1200 nm LP and 200-300 ms for CH1055-PEG). Reprinted with permission from Ref. [88],
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Figure 14. NIR-11 confocal imaging.
a) Optical scheme of the first NIR-11 confocal microscopy with the stage scanning approach.

b-c) The NIR-II confocal microscopy enabled the 2D and 3D imaging of mouse ovary with
improved penetration depth and contrast resolution. The 3D imaging can distinguish the
stage development of ovary with recognizing the theca layer, mature granulosa cells, and
corpora lutea cells (imaging details: 785 nm excitation, 1100 nm LP emission, laser power
~30 mW). Reprinted with permission from Ref. [18].
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Figure 15. The reduced tissue autofluorescence and scattering are the motivation for developing
NIR-11 fluorescence-derived biomedical imaging.

a) Excitation laser-organ/tissue interactions include blue excitation light, cyan reflection,
green scattering, black absorption, as well as brown autofluorescence. All of these
parameters generate the loss of fluorescence and the gain of background signals (noise). b)
Diminished scattering coefficients of different tissue phantoms as a function of wavelengths.
¢) Quantum efficiency curves for several cameras based on silicon, InGaAs or HgCdTe
sensors. d) NIR-II guided imaging will improve the surgery accuracy with lower
autofluorescence and scattering compared with NIR-I navigation system. Reproduced with
permission from ref. [4 for a-b) and ref. [15%] for c).
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Table 1.
Typically reported peak and off-peak NIR-II fluorophores.
Fluorophore Absorption/emission  Tissue targets Properties Applications Refs

CH1055 and derivatives

Fluorene-based D-A-D
dyes (e.g. IR-E1)

IR-FGP

IR-FEP

IR-FEPC

IR-FTAP

CHAT

IR-pFE

Flav 7

FD-1080

IRT

IR-BGP6

IR-BEMC6P

IR-1048-MZ

Indocyanine green (ICG)

IRDye800CW

Zwitterionic cyanine dyes

NIR-AIE-dots

IR-12N3 and other
commercial cyanine dyes

ZX-NIR

750/1055 nm

830/1071 nm

745/1050 nm

780/1047 nm

782/1053 nm

733/1048 nm

738/1055 nm
774/1010 nm
1026/1045 nm

1064/1080 nm

742/1047 nm
736/1047 nm
725/1025 nm
980/1046 nm

807/822 nm, tail
emission to NIR-11
regionl’2

774/789 nm, tail
emission to NIR-11
regionl’?

772/788 nm
(ZwW800-1), tail
emission to NIR-11
region

630/810 nm

766/788 nm, tail
emission to NIR-11
region

740/900 nm, tail
emission to NIR-11
region

Nonspecific; EGFR+

Nonspecific;
conjugatable with
targeting ligands
Anti-Neuron; EGFR*
Nonspecific;
conjugatable with
targeting ligands

Human Chorionic
Gonadotropin (hCG)
conjugate
Nonspecific;
conjugatable with
targeting ligands

Nonspecific

Nonspecific

Nonspecific

Nonspecific

Peptide conjugate for
CD133

Anti-PD-L1 conjugate
RGD conjugate and
octreotate conjugate
Nonspecific

Plasma lipoprotein
and atheromas;
mostly non-specific
Nonspecific;
conjugatable with
targeting ligands
avp3 (with RGD)

Nonspecific

Nonspecific; EGFR+

Nonspecific

Water-soluble;
QY=0.03% (NIR-11, IR26=0.05%)

Water-soluble;
QY=0.07% (NIR-11, IR26=0.05%)

Water-soluble;
QY=0.19% (NIR-11, IR26=0.05%)
Water-soluble;

QY=0.20% (NIR-11, IR26=0.05%)

Water-soluble;
QY=0.26% (NIR-11, IR26=0.05%)

Water-soluble;
QY=0.53% (NIR-11, IR26=0.05%)

Water-soluble with FBS complex;
QY=1.08% (NIR-11, IR26=0.05%)

Water-soluble;
QY=1.65% (NIR-II, IR26=0.05%)

Water-soluble by micelles;
QY=0.53% (NIR-11, IR26=0.05%)

Water-soluble;

QY=0.31%, 5.94% (complex) (NIR-II,

IR26=0.05%)

Water-soluble; QY=0.15% (NIR-II,
1R26=0.05%),)

Water-soluble; QY=0.15% (NIR-1I,
1R26=0.05%,)

Water-soluble; QY=0.18% (NIR-II,
IR26=0.05%,)

Binding with nitroreductase;
QY=0.6% (NIR-II, IR26=0.05%,)

Negatively charged; lipophilic;
QY=9.3% (NIR-I, serum)

Negatively charged; hydrophilic;
QY=12% (NIR-I, serum)

Zwitterionic (neutral net charge);
hydrophilic; QY=15.1% (NIR-I,
serum)

Water-soluble by encapsulation;
0.28% (NIR-I1, IR26=0.05%)

Water-soluble

“turn-on” by H,S
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Vessel imaging; lymph
node imaging, tumor
imaging

Brain vessel; TBI

Brain tissue Neuron
imaging

Vessel and tumor imaging

Ovary imaging

Hindlimb vessel imaging

Vessel imaging, lymph
node imaging

3D vessel imaging, tumor
imaging

Whole body imaging,
vessel imaging

Vessel imaging

Tumor targeting imaging

Tumor targeting imaging

Tumor targeting imaging

tumor hypoxia

Cardiovascular and
lymphatic angiography;
tumor imaging and IGS

Tumor imaging and IGS

Tumor imaging

3D vessel imaging, tumor
imaging

Vessel imaging, lymph
node imaging, SCC tumor
imaging

Colorectal cancer imaging

[88, 91, 92, 96, 97]

[98]

[93]

[94]

[18]

[95]

[72]
[99]
[63]

[69]

[100]
[101]
[102]
7]

[61]

[103, 104]

[76]

[105]

[73]

[106]
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Fluorophore

Absorption/emission
wavelength

Tissue targets

Properties

Applications

Refs

IR-775, IR-780, IR-783,
IR-797, IR-806, IR-808

~770/~800 nm,
second peak emission
to NIR-1b (900-1000
nm) region

Nonspecific

QY=0.5-0.65% (NIR-I1, IR26=0.05%)

Vessel imaging, lymph
node imaging, tumor
imaging, Leaf vein
imaging

[68]

Note: Quantum yields of all reported dyes in this review were recalculated based on IR26 = 0.05%.[20] The reported QY's was generally tested in
aqueous solutions with the reference IR26 in 1,2-dichloroethane (DCE) or Hipco carbon nanotube in water. The commonly used QY value of IR26

is from 0.05 to 0.5% while the tested QY of Hipco carbon nanotube is from 0.04% to 0.4%.[18] Asa result, it is important to recalculate the QY
with the same conservative reference value.
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