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Optical imaging in the second near-infrared (NIR-II) window has attracted interest in recent years because of the
merits of reduced light scattering, minimal autofluorescence from biological tissues and deeper penetration
depth in this wavelength range. In this review, we summarize NIR-II organic contrast agents reported in the past
decade for photoacoustic and fluorescence imaging including members of the cyanine family, D-A-D structure
dyes, phthalocyanines and semiconducting polymers. Improved imaging contrast and higher resolution could be
favorably achieved by rational design of NIR-II fluorophores by tuning their properties including molar
extinction coefficient, fluorescence quantum yield, emission wavelength and others. A wide variety of applica-
tions using NIR-II dyes has been realized including imaging of tumors, lymphatics, brains, intestines and others.
Emerging applications such as targeted imaging and activable imaging with improved resolution and sensitivity
have been demonstrated by innovative chemical modification of NIR-II dyes. Looking forward, rational design of
improved NIR-II dyes for advanced bioimaging is likely to remain an area of interest for next-generation potential
approaches to disease diagnosis.

1. Introduction lymphatic vessels [15-18], specific organs (such as intestines and
ovarian) [19,20] and disease microenvironment [21-25]. In addition,
NIR-II imaging has potential for imaging in deeper biological tissues in a

noninvasive manner to obtain detailed and accurate information [26,

Various biomedical imaging techniques provide tools for disease
diagnosis and therapeutic management in clinics [1,2]. Over the past

decades, the development of a number of imaging modalities has been
the focus of considerable research, such as fluorescence imaging, pho-
toacoustic imaging, positron emission tomography (PET), magnetic
resonance imaging (MRI) and others. Optical imaging has advanced
rapidly preclinically and holds promise in the clinic owing to the ad-
vantages of nonionizing radiation and high spatiotemporal resolution
[3,4]. Advantages are more pronounced in the near-infrared window
(NIR), where background is lower and tissue penetration is greater.
Compared to the first near-infrared (NIR-I; 700-900 nm) window, the
second near-infrared (NIR-II; 1000-1700 nm) window can achieve
higher signal-to-noise ratio (SBR) and deeper tissue penetration result-
ing from lower tissue autofluorescence and lower signal attenuation
[5-8]. As such, current optical imaging approaches including FL imag-
ing, PA imaging, self-luminescence [9,10] are being investigated in the
NIR-II window for imaging of tumors [11-14], lymph nodes and
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27]. Altogether, the development of NIR-II contrast agents has attracted
a great deal of recent research efforts [28-30].

Broadly, NIR-II contrast agents can be divided into inorganic and
organic ones. Inorganic NIR-II contrast agents including single-walled
carbon nanotubes [31-33], quantum dots [34-36], rare earth com-
pounds [37-39], metal-based compounds [40-42], noble metals
[43-45] can exhibit strong optical absorbance, high brightness and
resolution, and can even be active in the NIR-Ila window (1300-1500
nm, smaller optical sub-windows). However, the long-term toxicity is
arguably a potentially dauting concern for their translation to humans.
In contrast, organic NIR-II contrast agents are considered to have better
biocompatibility, clearance and biodegradability. Safety is crucially
important for clincal translation of NIR-II molecules and related nano-
particles. Ideal optical contrast materials should be easily metabolized
and cleared by hepatobiliary or renal clearance pathways. It was shown
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that semiconducting polymer nanoparticles could be enzymatically
degraded by the mononuclear phagocyte system (MPS) and myeloper-
oxidase (MPO), followed by elimination through hepatobiliary and/or
renal excretion [46]. Particularly, renal-clearable optical agents
(RCOAs) minimize the side effects for bioimaging since they could be
rapidly filtered by the glomerular filtration membrane, subsequently
transported via renal tubules and then execreted by urine. Size, charge,
and chemical composition, shape and others are determination factors
for the clearance pathways [47].

In addition, the physical and chemical properties of NIR-II dyes can
be tuned by rational design, including molar extinction coefficient,
fluorescence quantum yield, emission wavelength and others [28,
48-50]. Many strategies for improving these parameters could be
employed. For example, in order to achieve deeper penetration depth,
endeavors could be made by tuning the intramolecular charge transfer
for bathochromic shift. Moreover, highest occupied molecular orbital
(HOMO), lowest unoccupied molecular orbital (LUMO), band gap level,
donor and acceptor selection and the electronegativity of the donor and
acceptor groups are also some important considerations for rational
design of NIR-II contrast agents.

Most organic NIR-II contrast agents are intrinsically hydrophobic;
thus commonly used methods of improving water solubility include:
covalently conjugation to hydrophilic moieties (e.g. polyethylene glycol
(PEG)) [51-53], encapsulation in an amphipathic carriers (e.g. DPPC,
DSPE-mPEG2000) [54-56] and entrapment by surfactants or polymeric
nanoparticles (e.g. Pluronic F127, Tween, PEG-b-PPG-b-PEG) [57-59].
Fluorescence (FL) imaging and photoacoustic (PA) imaging are two
important optical imaging modalities. A plethora of contrast agents with
fluorescence emission or absorption in the NIR-II region have been
designed [5]. Although it might difficult to reconcile multiple imaging
modalities and improving one possibly compromises another, there still
exist some exquisitely designed contrast agents for multimodal imaging
such as both NIR-II FL and PA imaging [16,60]. Meanwhile, more
principles and examples of NIR molecular design was recently illustrated
by Mu et al. [61]. The chemical modification and self-assembly of NIR-II
probes can also enhance multimodal imaging, providing more accurate
and enriching information [62-64]. In addition, design of “smart”
multifunctional organic NIR-II contrast agents has been demonstrated.
Targeted organic NIR-II probes show higher accumulation in specific
biological sites with reduced background noise and amplified imaging
signal [65-67]. Activatable NIR-II probes could be “turned on” in
response to specific pathological conditions, such as hypoxia, low pH,
reactive oxygen species and small molecule mediators in tumors. As a
result, qualitative analysis with higher signal-to-background ratio can be
achieved [68,69].

In this review, we overview recently reported organic dyes in the
NIR-II window and their applications for bioimaging. First, the designs,
structures and categories of NIR-II dyes are summarized with an
emphasis on probes demonstrated for use in fluorescent and photo-
acoustic imaging. Then, we overview some of their applications for
fluorescence imaging, photoacoustic imaging and multimodal imaging.
Also, the chemical modification of dyes for the synthesis of smart probes
for functional imaging (targeting imaging and activatable imaging) is
also discussed.

2. Design, structure and categories of NIR-II dyes

In this section, we primarily focus on NIR-II dyes for the applications
of photoacoustic imaging and fluorescence imaging. The biophysical
mechanisms of these imaging are shown in the simplified Jablonski di-
agram in Fig. 1. Briefly, once the chromophore is excited upon illumi-
nation, electrons in photosensitizers transit from the ground state to an
excited singlet state. Excited molecules tend to return to the grand state
in different pathways including radiative and non-radiative decay. The
former provides the basis for fluorescence imaging. The photon emission
or quenching comes with heat generation and heat dissipation is the
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Fig. 1. Simplified Jablonski diagram illustrating some excited state decay
pathways after chromophore activation.

basis for photothermal therapies. Non-radiative decay enables photo-
acoustic imaging, photodynamic therapy, photothermal therapy and
photothermal imaging. The photoacoustic effect is based on the ab-
sorption of photons by biological molecules thermoelastically, which
generates high pressure around the contrast agents and ultrasonic wave.
Therefore, the photoacoustic signal intensity is directly related to the
molar extinction coefficient of contrast dye [70]. However, some of
these processes are competitive to each other. For example, if a probe
has high fluorescence efficiency, the PA signal generated from it would
be low since input optical energy is dissipated via fluorescence instead of
heat. Therefore, rational design of organic fluorophores could provide
solutions to reconcile this challenge. For example, NIR-II AlEgen
allowing fluorescence imaging, photoacoustic imaging, photothermal
imaging, photodynamic imaging and photothermal therapy was devel-
oped by controlling molecular motions to strike the balance between
radiative and nonradiative decays [71].

2.1. NIR-II fluorescent probes

To extend the emission wavelength of organic NIR-II fluorophore to
NIR-II region, the strategies of rational design of molecular structures
include increasing the length of the conjugate chain, reducing the en-
ergy gap between the HOMO and LUMO, and selecting reasonable mo-
lecular backbones and substitutional groups. Moreover, the high
quantum yield (QY) and large absorption coefficient are also relevant to
the performance of NIR-II fluorophores. Broadly, many NIR-II fluores-
cence probes can be categorized into cyanine dyes, dyes with donor-
acceptor-donor (D-A-D) structure, conjugated polymers, modified NIR-
I dyes and others. Among these, cyanine dyes and D-A-D structure
dyes are the most common and representative, and have been exten-
sively used in preclinical studies.

2.1.1. Cyanine dyes

Cyanine dyes in the NIR-I have been used for decades and many in
the NIR-II windows have also been developed. Indocyanine green (ICG),
is a United States Food and Drug Administration (FDA) clinically
approved fluorescent contrast agent in the NIR-I region, and is thus an
important example of a cyanine dye. The safety and biocompatibility of
ICG has been demonstrated in human studies [72]. Cyanine dyes are
typically composed of two indolenine groups connected by different
amounts of vinyl bonds. The vinyl bonds or bilateral indolenine groups
can be chemically modified to improve their chemical and optical
properties [28]. The substitution of a rigid cyclohexene in the center of
the vinyl bonds significantly enhances the photostability and QY [73].
Bilateral substitutional groups can be conjugated including the ionic
groups at the end of conjugated chain, such as sulphonic groups for
redshift emission or better water solubility. A myriad of cyanine dyes is
commercially available. Fig. 2 shows several representative chemical
structures of cyanine dyes in NIR-I or NIR-II regions.

Similar to the spectrum of ICG, IR-820 exhibits both absorption and
emission peaks in the NIR-I region, but its emission tail (detected by
InGaAs spectrometers) extends to the NIR-II region (Fig. 3a) [17].
Similar optical properties also applies for IR-783 [74], IRDye800CW
[75], IR-12N3 [76] etc. Feng et al. found a bathochromic shift for the
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Fig. 2. Typical chemical structures of cyanine dyes in NIR-I/II windows including ICG, IR-820, IR-783 (emission tail at 1000-1400 nm), IR-26 (emission at
1082 nm), IR-1061 (emission at 1064 nm), IR-1048 (emission at 1046 nm), FD-1080 (emission at 1080 nm), Flav7 (emission at 1045 nm).
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Fig. 3. Optical properties of representative cyanine dyes a) Absorption spectra and b) Fluorescence emission spectra of IR-820 (0.01 mg/mL) in water and 10% FBS.
Inset: emission spectral window beyond 1100 nm [17]. c¢) Absorbance and fluorescent emission spectrum (1064 nm laser excitation) of FD-1080. Inset: NIR-II
fluorescence image of FD-1080 in deionized water, FBS, and PBS [78]. KGaA, Weinheim, Copyright 2018.

(a) A-b) Reproduced from ref. (b) C) Reproduced from ref. (¢c) 17 with permission from the Ivyspring International Publisher, Copyright 2019. (d) [78] with

permission from Wiley-VCH Verlag GmbH & Co.

whole spectral region when IR-820 was dissolved in 10% fetal bovine
serum (FBS) compared to that in water, probably because serum pro-
teins were absorbed on IR820 molecules, which was also verified by size
measurement by dynamic light scattering. And the emission tail even
extended to over 1000 nm (Fig. 3b). The NIR-II fluorescence intensity
ratio was calculated to be up to 30%, and the NIR-II QY increases from
0.313% to 2.521% (IR-26 as a reference) [17].

Unlike the aforementioned fluorophores, IR-1061 exhibits an ab-
sorption peak in the NIR-I window and an emission peak in the NIR-II
window, therefore, it can be employed as both NIR-I PA contrast
agent and NIR-II FL contrast agent [65]. Similar fluorophores also in-
cludes IR-1048 and others [77]. Li et al. designed and synthesized a
fluorophore termed FD-1080 with maximal absorption and emission
wavelengths in 1064 nm and 1080 nm, respectively (Fig. 3c). Similarly,
the QY of FD-1080 significantly increased from 0.31% to 5.94% (ICG as
a reference) after mixing in fetal bovine serum (FBS). Besides, FD-1080
also showed outstanding aqueous solubility, high biocompatibility and
photostability [78]. Flav7 was also shown to have similar optical
properties [53]. BIBDAH is a comercially avaiable NIR-II cyanine dye
that can be easily formulated for contrast imaging [79].

2.1.2. D-A-D structure dyes

Donor-Acceptor-donor (D-A-D) structures, based on benzobisthia-
diazole (BBTD) as a central acceptor, have been extensively studied for
the development of NIR-II probes [80]. BBTD is heterocyclic quinoid
features a strong electron withdrawing group, combined with electron
donating groups via aromatic n-bridging linkers on either side. The
intramolecular charge transfer to reduce energy gaps result in NIR-II
emission [81]. Since the first-generation D-A-D structural NIR-II fluo-
rophore named CH1055 based on BBTD was reported by Antaris and
co-workers, this type of dye has attracted significant research interest.
Fig. 4 summaries some reported NIR-II fluorophores with a D-A-D
structure. CH1055 adopted triphenylamine as donor and then four
carboxylic acid groups were introduced in triphenylamine to provide
water solubility and allow further modification such as conjugation with
targeting ligands. The excitation and emission peaks of CH1055 are
about 750 nm and 1055 nm, respectively. The emission tail is within the
NIR-IIa region. The QY of CH1055 is about 0.3%, using IR-26 as a
reference. Furthermore, CH1055 also exhibits fast excretion (about 90%
excreted through the kidney within a day) and good photostability [82].
Subsequently, a variety of electron donating units, n-bridging linkers
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Fig. 4. Chemical structure of D-A-D/S-D-A-D-S fluorophores based on BBTD core.

and terminal functional groups could be designed and tuned to optimize
fluorophores [48]. A series of CH1055 derivatives were also designed
and synthesized. Sun et al. reported four kinds of fluorescent compounds
(Q1, Q2, Q3, and Q4) and investigated the relationship between their
structures and optical properties. Among them, Q1, Q4 displayed
emission in the NIR-II region and Q4 was considered the most promising
NIR-II fluorophore because of better fluorescence properties [83]. Spe-
cifically, Q1-Q4 were made by incorporating a thiophone spacer based
on the D-A-D scaffold. Q2 and Q3 both selected 4,7-dibromo-5,
6-dinitro-2,1,3-benzothiadiazole as the acceptor but displayed NIR-I

a b

emission, which are not suitable for future investigation of NIR-II im-
aging. Q1 and Q4 share the same acceptor structure (benzobisthiadia-
zole, BBTD) but with different side chains. The NIR-II emission of Q4
was shown to be longer than Q1 because of formation of a strong charge
transfer structure between their D-A-D units. Then, Sun et al. proposed
another deliberately designed NIR-II dye termed H1 (with 2-amino 9,
9-dialkyl-substituteduorene as both donor and protecting groups) with
fluorescence emission around 1100 nm in the NIR-II region (Fig. 5a) and
with fluorescent brightness better than Q4 (Fig. 5b) [84].

D-A-D structured fluorophores may suffer from some disadvantages

- 16000
Absorbance
Fluorescence | 14000
= - 12000
=. -
© - 10000 3
° s
o |- 8000 3
& g
g - 6000 §
2
] 405
@ - 4000 4
5 g
< - 2000 Z
-0
T T T T 2000
600 700 800 [00 1000 1100 1200 1300 1400
I Wavelength (nm)
] 1.04
10 N
o ~——IR-FE QY=9.6% S
® 08 ® 0.8
@ ——IR-BBE QY=5.0% 2
Eos ——IRFT QY=4.4% E o6
°
K In DMSO .
N 04 N 0.4+
© ®
E o2 € 02
: 2
Z 00 0.0
900 1000 1100 1200 1300 1400 1500 900 1000 1100

Wavelength (nm)

Wavelength (nm)

0.6-
12727 0.5 ~——IR-FE
——IR-BBE
9129 § 0.4+ ——IR-FT
©
5831 3 oal In DMSO
2
1933 <%
0.1
-1666
0.0 T T T T T u
500 600 700 800 900 1000 1100
f Wavelength (nm)
1.0 ——IR-FEP QY=2.0%
IRFE QY=31% 5 —— IR-BBEP QY= 0.40%
— IR =31% 2 08 " aiaiane
IR-BBE QY=21% E IR-FTP QY=0.02%
——IR-FT QY=19% uE.| 0.6 In Water
In Toluene b
& 044
]
E 02
o
z
0.04
1200 1300 1400 1500 900 1000 1100 1200 1300 1400 1500

Wavelength (nm)

Fig. 5. Spectral characteristics of representative NIR-II fluorescence dyes. a) Absorbance and fluorescence emission spectra (808 nm laser excitation) of H1 (10 ms
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such as poor long-term stability, fluorescence quenching, which limits
their development and applications. To solve these problems, the
introduction of shielding (S) moieties at the end of the fluorophores,
giving rise to an S-D-A-D-S structure, could effectively protect the core
structure of fluorophores from fluorescence-quenching caused by
intermolecular interactions and molecular-water interactions. Base on
the S-D-A-D-S structure with BBTD as central acceptor, many common
donor units can be used for the rational design of fluorescent fluo-
rophores including thiophene, triphenylamine, 3, 4-ethylenedioxy
thiophene (EDOT), 3, 4-propylenedioxy thiophene(PDOT) and their
derivatives. Shielding groups usual contain dialkyl substituted fluorene,
benzene, diphenylamine, triphenylamine and their derivatives.

Some endeavors have also focused on the development of different
fluorophores with an emphasis of comparative studies. Yang et al.
constructed three molecular fluorophores named IR-FE, IR-FT, IR-BBE
with BBTD-based S-D-A-D-S structure. PEG chains were introduced to
the terminals of the fluorophores by click chemistry to form water-
soluble fluorophore counterparts named IR-FEP, IR-FTP, IR-BBEP.
Then they systematically evaluated the physical properties, geometric,
electronic and optical properties via density functional theory (DFT) and
time-dependent DFT (TDDFT). Despite the different absorption peaks of
the three compounds, they exhibited similar emission peaks around
1047 nm (Fig. 5c-f). Furthermore, compared to IR-FT with thiophene as
the donor units, IR-FE with 3, 4-ethylenedioxy thiophene (EDOT) as the
donor can achieve larger backbone distortion, lower delocalized LUMO
and better electrostatic potential distribution. And compared with the
shielding counterpart in IR-BBE, dialkyl substituted fluorene can pref-
erably protect the BBTD backbone from aggregation-induced fluores-
cence-quenching due to the molecular-water interaction and
intermolecular interactions. Owing to EDOT and fluorene, the fluores-
cence QY of IR-FE and IR-FEP reached 31% (in toluene) and 2% in
aqueous solution, respectively, which are superior results compared to
others (Fig. Se, f) [85]. Subsequently, Yang et al. also demonstrated that
the introduction of thiophene as the second donor could further extend
the conjugated chains, resulting in a bathochromic shift of fluorescence
[86].

2.1.3. Others

Besides cyanine and D-A-D type of dyes, other NIR-II fluorophore
types include DD-A-DD, A-D-A, A-A [87-90]. Conjugated polymers
formed by polymerized electron-rich donor monomers together with
electron-deficient acceptor monomers could lead to red shifting to the
NIR-II region by intermolecular electron transfer effect between the
donor and acceptor units. Lu et al. successfully synthesized a novel
polymer conjugate named DPP-TT, which consists of diketopyrrolo-
pyrrole (DPP) as an electron withdrawing unit and fluorothieno-[3, 4-b]
thiophene (TT) as an electron donating unit. After encapsulating DPP-TT
into DSPE-mPEG5000 matrix, the resulting DPP-TT exhibited strong
emission in the NIR-II window [91]. The selection of appropriate elec-
tron withdrawing units and electron donating units is also important for
the construction of conjugated polymers with desirable optical proper-
ties. Careful design of conjugated polymers not only induced fluores-
cence properties in the NIR-II window but also strong absorption and
photoacoustic characteristics [91-93].

Other NIR-II fluorophores can be obtained by engineering existing
dyes such as squaraine, porphyrins, xathenes, or pathalocyanine. Yao
et al. developed NIR-II squaraine dye named SQ1 by engineering the D-
A-D structured squaraine dye with saquric acid as the electron acceptor
and ethyl-grafted 1, 8-naphtholactam as the electron donor [94]. And
Chathuranga et al. reported rhodindolizine dye as the first
xanthene-based NIR-II dye [95]. Given the considerable library of NIR-I
dyes available, the derivatives exhibited enhanced optical properties in
the NIR-II window can also be made by engineering NIR-I dyes.

Photoacoustics 28 (2022) 100426
2.2. NIR-II photoacoustic probes

PA imaging combines the merits of optical excitation and acoustic
wave detection, leading to reduced tissue scattering and higher resolu-
tion in deep tissues. In the past two decades, PA contrast agents have
been researched for the application of imaging of brain [14,16,96],
blood vessel [15,50], tumor [13,52,97,98], intestine [20,99], bladder
[27] and others [19,21,25]. However, unlike the imaging modality of
computed tomography or positron emission computed tomography,
photoacoustic imaging is limited by penetration depth. The majority of
PA imaging contrast agents focused on the NIR-I region. In recent years,
NIR-II PA probes, especially organic NIR-II PA probes have advanced
rapidly, achieving deeper penetration depth. The key considerations for
the design of NIR-II PA probes include longer wavelength in the NIR-II
spectral window, high absorption coefficient and light-to-heat conver-
sion extinction coefficient [100], better physical and chemical stability
and favorable biosafety [61]. NIR-II PA probes are discussed below with
an emphasis of polymer- or small molecule NIR-II dyes. Other NIR-II PA
dyes for photoacoustic imaging include polypyrrole nanosheets [101],
mesoionic organic molecules [102] et al., but they have not been widely
studied.

2.2.1. Semiconducting polymers

Structurally, semiconducting polymers (SPs) used as NIR-II PA
probes have a large n-conjugated backbone consisting of alternating
electron-rich donor units (D) and electron-deficient acceptor units (A). It
is essential to engineer and choose appropriate donor units and acceptor
units to mediate optical and physical properties. Also, narrow band gap
and bathochromic shift absorption peak to NIR-II spectral window are
also desirable for the design and selection of electron-deficient acceptor
units. Enabling semiconducting polymers as NIR-II PA probes also need
to exhibit large extinction coefficient and high photothermal conversion
efficiency. We summary some common strong electron-withdrawing
acceptor groups and electron-donating donor groups for the design of
SPs as NIR-II PA contrast agents below. Acceptor units include diketo-
pyrrolopyrrole (DPP), benzobisthiadiazole (BBTD), thiadiazoloqui-
noxaline (TQ), thiadiazolobenzotriazole (TBZ), thienoisoindigo (TII),
bezodipyrrolidone and their derivatives, whereas common donor units
include thiophene (T), thienothiophene (TT), bithiophene (BT), fluorene
(F), benzodithiophene (BDT) and their derivatives. Some representative
reported NIR-II semiconducting polymers are summarized in Fig. 6.

The D-A structure is one of the most common structures of NIR-II
semiconducting polymers. For example, Jiang et al. designed and syn-
thesized a series of metabolizable NIR-II absorbing semiconducting
polymer. They selected strong electron withdrawing unit BBTD as the
acceptor (thiophene substituted BBTD are liable to oxidation for
biodegradation) while three different donor units including BDT, 2,6-bis
(trimethyltin)— 4,8-didodecylbenzo[1,2-b;4,5-b’]dithiophene, and TT
were chosen to form three different SPs including PBBT-OT, PBBT-PT,
PBBT-DT, respectively. The three SPs achieved strong absorption in the
NIR-II region. PBBT-OT and PBBT-PT exhibited similar absorption
spectrum at 900-1200 nm, while PBBT-DT displayed broader absorp-
tion spectral extending over 1500 nm (Fig. 7a). This phenomenon
confirmed the importance of receptor selection that would affect the
absorption spectrum shift. The encapsulation in amphiphilic copolymer
matrix PLGA-PEG, endowed good water solubility of SPs. The resulting
SP nanoparticles (termed as SPN-OT, SPN-PT, SPN-DT) had peak ab-
sorption at about 1079 nm (Fig. 7b). The photothermal conversion ef-
ficiency (PCE) measurement indicated that SPN-PT displayed the
highest PCE of 53%, followed by 49% for SPN-DT and 36% for SPN-OT,
respectively. Also, these SPNs exhibited excellent photostability and
biodegradability [46].

D-A1-D-A2 is another common structure of NIR-II SP. The intro-
duction of a second donor unit further increases the conjugated chain
length and induces intermolecular charge transfer, resulting in reduc-
tion of the band gap and redshift absorption to the NIR-II region. This
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Fig. 6. Typical chemical structure of semiconducting polymers with (a-f): D-A structure; (g-j): D-A1-D-A2 structure; and (k): others.
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KGaA, Weinheim, Copyright 2019.

(a) a-b) Reproduced from ref. (b) ¢) Reproduced from ref. (¢) [46] with permission from WILEY-VCH Verlag GmbH & Co. (d) [97] with permission from the Royal

Society of Chemistry, Copyright 2019.

expands the library of semiconducting polymers as NIR-II PA probes.
Yang et al. developed a typical D-A1-D-A2 structured semiconducting
polymer, denoted as PDPPTBZ, with electron-rich thiophene as the
donor unit (D) and electron-deficient DPP as the first acceptor unit (A1),
and TBZ as the second acceptor. After encapsulation into DSPE-
PEG2000 nanoparticles termed PDPPTBZ via nanoprecipitation,
PDPPTBZ displayed a broad absorption spectrum ranging from 300 to
1400 nm with the peak around 1064 nm (Fig. 7¢). The mass extinction
coefficient of this NPs reached 43 mg/mLcm ! at the absorption peak.
The photothermal conversion efficiency were reported to be as high as
67%. PDPPTBZ also had good colloidal stability and photostability [97].

In addition to D-A and D-A1-D-A2 structures, other conjugated
polymers exist that can used for PA contrast agents, such as A-A, A-D-A,

or D-D-A-D-D structures, as well as others. However, only a few of these
structures are available for NIR-II PA contrast agents. Wu et al. reported
an A-A structured conjugated polymer containing TII as electron-
deficient unit and this polymer still had absorption in the NIR-II win-
dow [103].

2.2.2. Phthalocyanines

Phthalocyanines (Pcs) are hydrophobic chromophores with delo-
calized macrocycle electrons, long absorption wavelengths, and high
extinction coefficients that are modulated by chelation of a variety of
metals in the center [104,105]. By sophisticated design or modification,
Pcs can make NIR-II contrast agents by altering the charge distribution
and redshift absorption [20,106]. Zhou et.al used a NIR-II dye
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phosphorus Pc (P-Pc) consisting of a central chelated electron-deficient
phosphorus element with electron-rich sulfur functionalized benzene in
the out layers (Fig. 8a). The absorption peak of P-Pc dissolved in Tween
80 are around 997 nm, while the absorption peak of P-Pc in chloroform
reached 1042 nm (Fig. 8b). Importantly, using P-Pc as contrast agents,
PA signal was detected through 11.6 cm of chicken breast tissue (under a
1064 nm laser excitation) [20]. Pan et al. developed a cruciform
phthalocyanine pentad-based NIR-II dye used as PA probe. Zns—Hjs[Pc
(OCy2H17)24], integrated five monomeric Pc units in its structure with
one Pc in the center and four Pcs chelated with the element zinc in the
periphery (Fig. 8c). This conjugated framework of Zn4—Hy[Pc
(0OC12H17)24] had absorption peak at 1040 nm and the extinction coef-
ficient could reach up to 5.8 x 10° M~! cm™!. The water soluble
Zn4~HyPc/DP NPs made by entrapping Zns—H3[Pc(OCi2Hi7)24] in
DSPE-PEG2000-OCHj exhibited a slightly redshifted absorption peak at
1048 nm. And the extinction coefficient was still strong enough and
reached to 3.7 x 10° M~! ecm™!. Moreover, the Zns~H,Pc/DP NPs had
high PCE of 58.3% with excitation by a 1064 nm laser (Fig. 8d) [106].

3. Applications of NIR-II dyes

In contrast to the NIR-I imaging, the advantages of NIR-II imaging
include higher resolution and deeper tissue penetration, allowing for
improved visualization of anatomical structures and monitoring meta-
bolic process in tissues. As more and more NIR-II dyes have been
developed, NIR-II imaging has advanced rapidly. In this section, we
discuss applications using NIR-II imaging contrasts such as fluorescence
imaging, photoacoustic imaging, multimodal imaging, as well as tar-
geted imaging and activatable imaging.

3.1. Fluorescence imaging

Fluorescence imaging is one of the most convenient and economical
imaging modalities. Clinically, it has been used for image-guided sur-
gery with good spatial and temporal resolutions. This noninvasive and
nonionizing imaging modality needs relatively low-cost equipment, but
has fast response times [107-109]. Du et al. fabricated a NIR-II cyanine
dye IR-820 coupled with human serum albumin (HSA) that significantly
increased the fluorescence brightness. The resulting IR820-HSA organic
complex could be used for the mapping of vascular and lymphatic
drainage system as well as the visualization of tumors in vivo. After the

Photoacoustics 28 (2022) 100426

IR820-HSA was intravenously injected into C57BL/6 mice, NIR-II fluo-
rescence imaging of the vascular system of the mice was acheived and
the right hind limb blood vessels and even small blood vessels in the
abdomen area were unambiguously distinguished (Fig. 9a). Next,
IR820-HSA was subcutaneously injected in the right footpad of C57BL/6
mice, meanwhile, free IR-820 was injected in the left footpad as a con-
trol. It was shown that the lymph vessels and lymph nodes including the
popliteal and sciatic ones on the right side exhibited higher fluorescence
intensity and clear distribution (Fig. 9b).

It is worth noting that disparate afferent and efferent lymphatic
vessels from different positions could also be clearly distinguished
(Fig. 9¢, d). In addition, the NIR-II fluorescence imaging of tumor was
carried out with BALB/c nude mice bearing subcutaneous tumors. The
tumors could be clearly delineated after the fluorescence images of mice
were recorded at several specific time points post injection of IR820-
HSA, (Fig. 9e) [18].

Smart designs and functions of contrast agents have long been the
pursuit of researchers in the field. Molecular targeting depends on the
binding of targeting ligands to disease-specific receptors that has been
widely used to improve contrast agents for disease diagnosis [66,110].
One of the most common strategies for active targeting is directly
binding of disease-specific ligands chemically or biologically (for
example peptides, proteins, antibodies, etc.) that actively targets re-
ceptors over-expressed in disease-related cells [19,65]. Targeted imag-
ing can also increase imaging depth and collect more accurate imaging
information using NIR-II dyes. Zhu et al. introduced a target ligand,
human chorionic gonadotropin (hCG) to a NIR-II fluorophore IR-FEPC
(polyethylene-glycol carboxyl substitutional IR-FE). hCG is a gonado-
tropin that affects ovarian follicle maturation and effectively target
luteinizing hormone (LH) receptor in mouse ovaries. The resulting hCG
@IR-FEPC could clearly distinguish three different stages of varies
including theca, granulose, and luteal enriched cells. The depth of ex
vivo 3D fluorescence imaging in mouse ovaries reached 900 um. In
addition, different NIR-II fluorophores with different emissions and
targeted ligands could realize multicolor NIR-II imaging of different
receptors. Follicle stimulating hormone (FSH) is another gonadotropin
that acts in promoting ovarian maturation. Two bioconjugates,
hCG@IRFEPC and FSH@lead sulfide (PbS) with fluorescence in the
NIR-IIa and NIR-IIb region were also made and successfully achieved in
vivo two-color simultaneous imaging of hCG and FSH receptors with
considerable imaging depth and resolution in a murine ovary cancer

Fig. 8. NIR-II phthalocyanine derivatives and
their optical properties. a) Chemical structure
of P-Pc. b) Absorbance spectral of P-Pc dye in
Tween 80 (blue) and chloroform (red). The
mass concentrations were 40 mg/mL and
20 mg/mL, respectively [20]. c¢) Chemical
structure of Zng—H,[Pc(OCqoH17)24]. d) Ab-
sorption and fluorescence emission spectra
(880 nm laser excitation) of Zng—Hj[Pc
(0C12H17)24] in CH2CI2 and Zng—HsPc/DP NPs
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in water [106].

(a) a-b) Reproduced from ref. (b) c-d) Repro-
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Fig. 9. The application of IR820-HAS used for NIR-II fluorescence imaging. a) NIR-II fluorescence images of the vasculature at 30 min after intravenous adminis-
tration of IR820-HSA into C57BL/6 mice (imaging details: 1150 LP, 3000 ms). b-d) NIR-II fluorescence image of Popliteal lymph nodes (white arrowheads), sciatic
lymph nodes (blue arrowheads) and connected lymphatic vessels, right inguinal lymph node (green arrowheads) and afferent and efferent lymphatic vessels post
injection of IR820-HSA (imaging details: 1000 LP, 1000 ms). e) NIR-II fluorescence images of 143B osteosarcoma tumor-bearing mice at a series of specific time
points after IR820-HSA injection (imaging details: 1000 LP, 300 ms) [18]. KGaA, Weinheim, Copyright 2019.

(a) Reproduced from ref. (b) [18] with permission from WILEY-VCH Verlag GmbH & Co.

model [19]. around contrast agents and propagates as ultrasonic waves. PA imaging
integrates optical excitation with ultrasonic detection that suffers less
3.2. Photoacoustic imaging light scattering but has high contrast and spatial resolution. Therefore, it

can achieve deeper tissue imaging up to several centimeter-scale imag-

Photoacoustic (PA) imaging takes advantage of the optical contrast %ng dept.h in .living bodies [1.11’112.]' Compar.ed to ﬂuo.rescence imag-
of endogenous biological molecules or exogenous PA imaging agents. ing, PA imaging has the merits of higher spatial resolution and deeper

The photoacoustic effect results from the absorption of photons by penetration depth and 3-dimentional imaging, although the instrument

biological molecules thermoelastically, which generates high pressure of PA imaging is generally more expensive and harder to operate,
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Fig. 10. The application of SPN-II for NIR-II PA imaging. a) PA spectra of SPN-II (200 pg/mL) and water. b) When the mass concentration of SPN-II is 1 mg/mL, SNR
change curve with chicken breast tissue depth at 750 and 1064 nm laser, respectively. (Energy density: 5.5 mJ/cm? R2 = 0.92549 for 750 nm and 0.99172 for
1064 nm). c) NIR-I and NIR-II PA images of four different concentrations of SPN-II solutions (0.05, 0.2, 0.5, 1 mg/mL) encapsulated by agar gel at different depth.
(750 nm laser for NIR-I with 5.5 mJ/cm? energy density (left); 1064 nm laser for NIR-II with 5.5 mJ/cm? (middle) and 20 mJ/cm? (right), respectively). d) Com-
parison of NIR-I and NIR-II PA images of rat brain at 70 min after SPN-II (1.8 mg/rat) administration via tail vein. e) Comparison of SNR of brain cortex in NIR-I and
NIR-II window corresponding to figure e. (750 nm laser for NIR-I and 1064 nm for NIR-II with energy density of 5.5 mJ/cm?) [50].

(a) Reproduced from ref. (b) [50] with permission from American Chemical Society, Copyright 2017.
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limiting its widespread use as fluorescence imaging. There are still many
problems to be solved for the translation of PA, such as deeper pene-
tration depth and targeted imaging with high specificity and biosafety of
contrast agents. In addition, to improve the PA imaging quality, the use
of contrast agents is typically necessary, and the development of more
novel and smart photoacoustic probes has played a great role in boosting
photoacoustic imaging technology. In particular, PA imaging in the
NIR-II window is attracting increasing attention since it can result in
improved imaging quality. NIR-II PA imaging becomes a promising
diagnostic technique to evaluate various diseases and related physio-
logical and pathological processes, holding great potential for clinical
translation [113-116].

Jiang et al. synthesized semiconducting conjugated polymer nano-
particle denoted as SPN-II with both NIR-I and NIR-II light absorption.
The PA amplitude of SPN-II at 750 nm and 1064 nm were basically
identical (Fig. 10a), which was conducive to intuitive comparison of
NIR-I and NIR-II PA imaging to emphasize the advantages of NIR-II
imaging. A deliberately designed D-A1-D-A2 type of semiconducting
polymer SP2 could be encapsulated in an amphiphilic copolymer (PEG-
b-PPG-b-PEG) based nanoparticle with good water-solubility. SPN-IIs
with four different concentrations for in vitro deep tissue PA imaging at
both 750 nm and 1064 nm were investigated. As shown in Fig. 10c,
acquired PA imaging displayed detectable PA signal at two wavelengths
under the highest concentration (1 mg/mL), and SNR in the NIR-II re-
gion is obviously higher than that in the NIR-I region for all the depths
(Fig. 10Db). Because laser with longer wavelength allows higher
maximum permissible exposure, 1064 nm laser energy density was
increased to 20 mJ/cm?. And imaging depth of 4 and 5 cm was realized
for the lowest (0.05 mg/mL) and highest concentration (1 mg/mL),
respectively. Furthermore, PA imaging of brain cortex of living rats in
both NIR-I and NIR-II window was conducted. Compared to the 750 nm

a

Pre-injection

Pre-injection
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laser, more clear vascular distribution and higher SBR were obtained
under 1064 nm (Fig. 10d, e). These results all highlighted the advan-
tages of PA imaging application in the NIR-II region compared to that in
the NIR-I region [50].

Recently, Guo and co-workers reported another D-A1-D-A2 struc-
tural NIR-II PA contrast agent (PTD NPs) for PA microscopic imaging of
ear vasculatures of healthy or angiogenic tumor-bearing mice. PA im-
aging of ear vasculatures of healthy nude mouse under 1064 nm laser
was first studied. Before intravenous injection, obviously no PA signal
was observed (Fig. 11a), but the intricate blood vessels even capillary-
level microvessels were clearly delineated 5 min after injection of PTD
NPs (Fig. 11b). Furthermore, vivid 3D volumetric images were con-
structed by collecting PA signals in a layer-by-layer fashion (Fig. 11c).
Subsequently, mapping of tumor and supervision of tumor angiogenesis
were achieved using PTD NPs. As shown in Fig. 11d, e, PA imaging of
ears of HepG2 tumor-bearing mice before and after administration of
PTD NPs were compared. Finally, 3D images (Fig. 11f) were recon-
structed, which is consistent with the results in Fig. 11e. It is obvious
that the ear of tumor-bearing mouse had more dense and distorted
vasculatures than that of healthy mouse [15]. It was demonstrated that
NIR-II PA imaging in the NIR-II region could be used to accurately
monitor physiological and pathological processes with higher imaging
depth and SBR ratio.

Activatable photoacoustic imaging probes play an important role in
early diagnosis of disease [117,118]. Unlike conventional “always on”
contrast agents, activatable probes could be specifically activated from
initially “off” state to the state of emitting imaging signal in response to
some biomarkers or interested molecular events. And the intensity of the
emitted signal changes with the concentration of biomarkers. Thus,
desirable activatable contrast agents should possess high specificity and
high SBR and permit qualitative analysis [119,120]. To date, several

Fig. 11. The application of PTD NPs for NIR-II PA imaging. a, b) Representative two-dimensional ear vasculature imaging of healthy mouse ear
(5.00 mm x 5.00 mm, x x y) before (a) and after (b) intravenous injection of PTD NPs. c) 3D ear vasculature image of healthy mouse (5.00 mm x 5.00 mm x
0.54 mm, x x y x z). d, e) Representative two-dimensional imaging of ear of tumor-bearing mouse (7.00 mm x 7.00 mm, x x y) before (d) and after (e) PTD NP
injection. f) 3D image ear vasculature of tumor-bearing mouse (7.00 mm x 7.00 mm x 0.76 mm, x x y x z) and white-dashed circle delineated the edges of tumor

[15]. KGaA, Weinheim, Copyright 2019.

(a) Reproduced from ref. (b) [15] with permission from WILEY-VCH Verlag GmbH & Co.
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activatable probes have been deliberately designed that are suitable for
NIR-II imaging to monitor certain pathological conditions, such as
tumor hypoxic condition, low pH, reactive oxygen species (ROS), reac-
tive oxygen nitrogen species (RONs) and small molecule mediators.

There are many differences between tumors and normal tissues, one
of which is hypoxic environment [69]. Meng et al. designed a
hypoxia-triggered probe IR-1048-MZ by conjugating a NIR-II fluo-
rophore (IR-1048) with a nitro imidazole group (2-(2-nitroimidazolyl)
ethylamine, MZ). IR-1048-MZ exhibited quenched fluorescence and
reduced absorbance due to the electron-withdrawing MZ group. Nitro-
reductase (NTR), overexpressed in the hypoxia environment, could
reduce the MZ group to the amine group, thereby, restoring the NIR-II FL
and PA imaging capabilities. As such, the signal intensity related to the
level of NTR expression can be used for the evaluation of the degree of
hypoxia [77].

RONs including hydroxyl radicals (-OH), hydrogen peroxide (H202),
peroxynitrite (ONOO-) are important biomarkers in many physiological
and pathological processes [121]. For example, the reactive nitrogen
species (RNS) ONOO- is considered a representative marker for moni-
toring early drug-induced hepatotoxicity. Thus, Li et al. developed an
activatable NIR-II fluorescent probe IRBTP-B specifically responding to
ONOO- by introducing a phenyl borate group into benzothiopyrylium
cyanines skeleton. The incorporation of phenyl borate quenched the
NIR-II FL emission of IRBTP-B, but once ONOO- removed the masking
group phenyl borate, the NIR-II fluorescence signals was activated in
response to ONOO-. In the presence of ONOO-, the activated signal of
IRBTP-B under up to 5 mm tissue phantom could be detectable. On the
contrary, commercially available NIR-I ONOO- probe, D632 can only
penetrate 2 mm Intralipid.

Targeted imaging can also assist early detection of diseases. Chen
et al. conjugated semiconducting polymer conjugated with tocilizumab
(TCZ) and the resulting TCN-PNPs nanoplatform successfully achieved
PA diagnosis of early arthritis and imaging-guided treatment [25].

P1 NPs

a

P1RGD NPs

Pre 3h 6 h 12 h
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Clearer and enhanced tumor imaging is one of the most important goals
of targeted imaging. Guo et al. encapsulated conjugated polymer P1 into
NPs by the carrier of DSPE-PEG2000-MAL, then c-RGD peptide, an
active targeting ligand for ayf}3 integrin receptors on tumor cell surface,
was covalently conjugated on the surface of the P1 NPs. The RGD
decoration increased the uptake of NP in the tumor and thereby
improved imaging quality. To demonstrate the targeting ability of RGD,
the comparison of PIGRD NPs and P1 NPs was made for both subcu-
taneous and brain tumor model, as shown in Fig. 12. After intravenous
injection of each NP, the distribution of NPs and resulting changes in PA
signal around the tumor area were imaged. For subcutaneous tumor
model, it could be clearly seen that the PA signal of the PIRGD NPs
group was significantly higher than that of the P1 NPs group at all
selected time points (Fig. 12a). And for brain tumor model, both groups
displayed PA signals in tumor at 24 h post injection (Fig. 12b). The SBR
of the PIRGD NPs group was up to 90 and distinctly higher than that of
P1 NPs group (SBR=61) [14]. Compared with the EPR effect alone in the
P1 NPs group, the receptor-mediated uptake of PIRGD in tumor cells has
obvious advantages in tumor imaging.

The development of emerging contrast agents enables bioimaging of
biological tissues from the NIR-I window [122-125] to the NIR-II win-
dow [126]. Since the NIR-II dyes has greater penetration depth, the
booming development of NIR-II dyes offers more possibilities of imaging
of more organs, such as intestinal imaging [91], lymphatic vessel im-
aging [18], and ovarian cancer imaging [127] in the NIR-II window.

3.3. Multimodal imaging

Despite significant improvements using NIR-II dyes, the information
available might be limited by just relying on one single imaging mo-
dality. NIR-II dye based multimodal imaging with combined desirable
features of different imaging modalities could compensate limitations of
each single modality, thus providing accurate diagnosis [29,91,93,128].

24h

min

Fig. 12. Comparison of PA imaging of P1 NPs and P1IRGD NPs. A series of in vivo PA images of mice bearing subcutaneous U87 xenograft tumor a) and mouse
bearing orthotopic brain tumor b) at several selected time points (3, 6, 12, 24 h) following the injection of P1 NPs and PIRGD NPs, respectively. (Imaging details:
injection dose = 0.05 mg kg~ ?, laser wavelength: 1064 nm, laser power: 15 mJ.) [14]. KGaA, Weinheim, Copyright 2018.

(a) Reproduced from ref. (b) [14] with permission from WILEY-VCH Verlag GmbH & Co.
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Therefore, it is of potential utility to develop multimodal imaging sys-
tems based on NIR-II dyes, especially for the multi-modal nanosystems
that can avoid redundant administration and monitoring processes.

FL and PA imaging are amongst the most common dual-mode im-
aging modalities seen in optical imaging. Some organic NIR-II dyes with
absorbance in NIR-I window and fluorescence emission in NIR-II win-
dow can provide both NIR-I PA imaging and NIR-II FL imaging. For
example, Wang et al. reported an A-D-A structural semiconducting
polymer termed DPP-BDT by utilizing DPP and BDT as electron acceptor
and donor, respectively [92]. This combines the advantages of fluores-
cence imaging with high sensitivity and the advantages of PA with high
spatial resolution and deep tissue penetration. Furthermore, to obtain
more anatomical information, Hu et al. designed a multifunctional
semiconducting polymer nanoparticle, PFTQ-PEG-Gd NPs that could
achieve tri-modal imaging. In this system, D-A structural semi-
conducting conjugate were used as PA/NIR-II FL contrast agent, and
PFTQ with TQ and fluorene (F) were selected as acceptor and donor.
Meanwhile chelated gadolinium ion can be used as a contrast agent of
MRI. After systemic injection of PFTQ-PEG-Gd NPs, significantly
enhanced PA signal was present within the tumor area in a 4T1
neoplastic mouse over time and reached a plateau value 24 h
post-injection. Moreover, the blood vessels connecting the tumor were
clearly observed owing to the high resolution of PA imaging (Fig. 13a).
Like PA imaging, magnetic signals in the tumor region showed similar
trend that the signal intensity gradually increased until 24 h so that
anatomical information could be collected (Fig. 13b). Whole-body
NIR-II fluorescence images of 4T1 tumorous mice at several time
points were obtained after administration of PFTQ-PEG-Gd NPs
(Fig. 13c). The maximum fluorescence signals at the tumor locations
also appeared one day after injection and the signals gradually
decreased due to metabolic clearance. Furthermore, the blood vessels
were easily identified utilizing NIR-II FL imaging 2 min after injection
(Fig. 13d). Therefore, well-designed PETQ-PEG-Gds NPs showed

Pre-injection 4 h 12 h

a

2h 4h 10h 24 h
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promise for accurate diagnosis of diseases using multimodal imaging
techniques [62].

Guo et al. constructed an NIR-II dye conjugated polymer PBT formed
by alternately connecting electron-deficient acceptors and electron-rich
donors through Stille coupling polymerization, resulting in PBT NPs via
microfluidics. It was the first organic contrast agent with both fluores-
cence and absorbance in NIR-II window. Using PBT NPs, deciphering
deep cerebral vessels and dynamically monitoring the fast-moving
arterial blood flows could be realized with high spatial and temporal
resolution. Furthermore, with the aid of focused ultrasound opening
blood-brain barrier, in vivo NIR-II PA images of early-stage brain tumors
and SBR up to 7.2 through the scalp and skull could be obtained. Late-
stage brain tumors could be imaged by employing the permeability
and retention (EPR) effect alone of PBT NPs. Collectively, PA imaging
and FL imaging in the NIR-II window show great potential of diagnosis
of deep tissue diseases [16].

4. Conclusion

In the past several years, we have witnessed the emergence of more
NIR-II organic contrast agents including cyanine dyes, D-A-D structural
dyes and NIR-II PA probes such as semiconducting polymers and
phthalocyanines. Several among these could be promising candidates
for future translation to clinical imaging because of their merits such as
biocompatibility and stability, and tunable optical and chemical prop-
erties. Organic NIR-II dyes have been used for the detection of various
biological and pathological processes and the diagnosis of diseases with
deeper penetration depth and higher resolution. Also, smart NIR-II
probes with multi-modal imaging capabilities, targeting properties or
activatable performance have also been investigated.

Despite the rapid development of the NIR-II dyes, there still exists
room for improvements. Most of the NIR-II dyes were used for imaging
near 1000 nm, and new imaging contrast agents for the NIR-II

24 h 48 h

48 h

Fig. 13. The application of PFTQ-PEG-Gd NPs for multimodal imaging in the NIR-II region. a) In vivo PA imaging, b) MRI, c¢) NIR-II FL imaging of 4T1 tumorous
mouse at indicated time points after intravenous injection of PFTQ-PEG-Gd NPs (150 pL,1 mg/mL). FL imaging was carried out using an 808 nm laser
(100 mW cm2). d) The NIR-II FL imaging of blood vessels (red arrows) of the mouse bearing 4T1 tumor 2 min after PFTQ-PEG-Gd NPs administration under 808 nm

excitation [62].

(a) Reproduced from ref. (b) [62] with permission from Ivyspring International Publisher, Copyright 2019.
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subwindows such as NIR-IIa and NIR-IIb windows have not been as
widely reported. Also, the design of smart NIR-II contrast agents is still in
its infancy stage, and more accurate and comprehensive information are
usually desired for diagnosis purposes, thereby, developing smart NIR-II
contrast agents with high resolution and specificity is highly needed.
NIR-II dyes as contrast agents provide a powerful tool for surgeons to
identify diseases and delineate anatomical structures. It is expected that
with the concerted efforts of chemists, material scientists and eventually
physicians, emerging organic smart and enabling NIR-II dyes could add
a new chapter to the way diseases can be diagnosed and managed.
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