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The luminous frontier: transformative NIR-lla
fluorescent polymer dots for deep-tissue imaging

® Hong-Cheu Lin**¢ and

In the realm of deep-tissue imaging, fluorescence imaging in the second near-infrared window (NIR-II,
1000-1700 nm) has proved to be an emerging tool, allowing scientists to probe biological processes with
unprecedented depth. Within the NIR-II window, the NIR-lla region (1300-1400 nm) has proved to have
excellent imaging quality in the NIR-Il window. Among the diverse types of NIR-II fluorophores, polymer
dots (Pdots) have surfaced as a unique category of probes due to their exceptional properties including
exorbitant brightness, excellent photostability, outstanding water dispersibility, and facile structural
modification compared to traditional fluorescent molecules. The utilization of NIR-lla Pdots has also
addressed critical limitations in imaging by utilizing the advantages of reduced light scattering, diminished
autofluorescence, and decreased light absorption by biospecies. Realizing such remarkable character-
istics, this review offers insights into the design of high-performance NIR-lla Pdots through a comprehen-
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1. Introduction

Fluorescence imaging stands out as a pivotal tool in bio-
medical detection and image-guided surgery that has opened
a new window for both fundamental research and clinical
practices in the last few decades. Unlike traditional imaging
techniques, such as computed tomography (CT),"® magnetic
resonance imaging (MRI),** ultrasound (US),>® positron emis-
sion tomography (PET),’ and single-photon emission CT
(SPECT),*° fluorescence imaging offers distinct advantages
such as non-invasiveness, exceptional spatiotemporal resolu-
tion, real-time detection capability and affordability.”® Over
the years, fluorescence imaging has found wide-ranging appli-
cations spanning immunofluorescence assays,'’ sensing,'*"*
super-resolution imaging,'*'® single molecule imaging,'® 3D
imaging,"”'®* and image-guided surgery."*>" However, the
obstacle hindering the advancement of fluorescence imaging
stems from its spectral emission range, especially visible
range, which suffers from enhanced tissue scattering and high
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autofluorescence, despite its widespread utilization in image-
guided surgery both before and during the operation.>%>*23

In recent years, there has been notable attention directed
towards fluorescence imaging technology in the near-infrared
spectrum, primarily because of its superior resolution, thereby
enhancing the quality of in vivo imaging.** However, within
the first near-infrared region (NIR-I, 700-900 nm), imaging
deep tissues still encounters significant limitations, of which
the penetration depth only goes up to a few millimeters from
approximately 1 to 6 mm.>*° Fortunately, in 2009, Dai’s pio-
neering research introduced a fresh perspective on bioimaging
—an innovative optical range now known as the NIR-II window
(1000-1700 nm) demonstrated superior performance in
bioimaging.*'* As shown in Fig. 1, the major advantages of
the NIR-II window include reduced tissue scattering, and
minimal autofluorescence compared to NIR-I, which results in
improved imaging depths of approximately 5-20 mm.>”?>*
However, recent phantom studies, revealed that the contrast of
in vivo imaging followed the water absorption trend, which
could be beneficial for acquiring high resolution images.
Emission wavelengths of >1300 nm, where water absorption
plays a crucial role in enhancing the contrast over scattering in
fluorescence images, result in a high signal to background
ratio (SBR) and superior resolution.*®?® Overall, the dual
benefits of longer wavelengths reducing background noise and
water absorption contributing to contrast enhancement lead
to better resolution in the 1300-1400 nm region, known as the
NIR-Ila window.*>”*® These advantages make NIR-Ila imaging
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Fig. 1 (A) Schematic depiction illustrating the interaction between light and biological tissues across a range of wavelengths. (B) Schematic repre-

sentation of the propagation of light showing lower (on the left) and intermediate (on the right) absorption characteristics within biological tissue,
and the resultant SBRs in fluorescence imaging. (C) Water absorption spectrum within the range of 400-1800 nm. (D) Decreased scattering coeffi-
cients among various biological tissues and intralipid tissue mimics. (E) Spectrum of autofluorescence observed in mouse liver, spleen, and heart
tissue under excitation at 808 nm shown as black, red and blue lines respectively. The inset displays a closer look at the results for longer wave-
lengths. Reproduced from ref. 39 with permission from, American Chemical Society. Copyright © 2020.

particularly useful for numerous biomedical applications, includ-
ing in vivo imaging and other medical assessments.>*””

Since then, fluorophores emitting in the NIR-IIa window or
at longer wavelengths have become a cornerstone of fluo-
rescence imaging. Lately, significant efforts have been under-
taken to create fluorophores with emission beyond 1300 nm;
this includes single-walled carbon nanotubes (SWCNTs),*"”
quantum dots (QDs),’*™*® rare earth-doped nanoparticles
(RENPs),**~*® small molecule dyes (SMDs),"” and organic semi-
conducting polymer-based nanoparticles (SPs).**>' However,
each has unique benefits and drawbacks that should be carefully
considered for certain biomedical imaging applications.'®**>

750 | RSC Appl. Polym., 2024, 2, 749-774

NIR-IIa organic dyes outperform inorganic based fluorophores
in many aspects, such as facile structural modification and
good biocompatibility, low levels of cytotoxicity, suitability for
extensive chemical synthesis, and ease of modification.*®
However, NIR-IIa organic compounds have highly conjugated
scaffolds that contribute to their low water solubility, so encas-
ing dyes in amphiphilic surfactants inside the nanoparticles
has been a popular way to get around this problem.
Nevertheless, for small organic dye-doped nanoparticles,
potential leakage from the encapsulating matrix is still a
problem. Hence, polymer dots (Pdots) have been developed as
an innovative type of probe that represents a purely organic

© 2024 The Author(s). Published by the Royal Society of Chemistry
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class of water-suspendible polymeric nanoparticles typically
composed of conjugated polymers or organic dyes embedded
within an amphiphilic polymeric matrix. Their highly tuneable
optical properties, extraordinary brightness, enhanced photo-
stability, and biocompatibility make them superior to tra-
ditional inorganic fluorophores and small molecules.”®™"
Generally, Pdots can be prepared through various methods,
including nanoprecipitation, mini-emulsion polymerization,
the self-assembly of amphiphilic block copolymers, or employ-
ing a microfluidic technique.’*® Pdots are becoming increas-
ingly recognized as a highly promising category of fluorescent
probes, offering great potential for analysis and imaging appli-
cations in the field of biology.”**°®" Unfortunately, to date,
there remains a scarcity of Pdots exhibiting emission maxima
within the NIR-Ila range.**°>"% This limitation is attributed to
the energy gap principle, which indicates that nonradiative
decay processes are expedited through vibrational interactions
between the ground and excited states due to the narrow
energy gap, and hence, a very low quantum yield (QY).**°°
However, these limitations can be overcome if the molecular
design follows the right fundamental design strategy, which is
described in detail in the later part of this review.

In this review, we highlight the most recent developments
in Pdots emitting in the NIR-IIa range. Moreover, we discuss
existing molecular scaffolds and the strategies to extend the
emission wavelengths to the NIR-IIa window. Next, the funda-
mental obstacle of this window, i.e., brightness, is thoroughly
discussed throughout the manuscript. We separately elaborate
the two classes of organic dyes (small molecules and Pdots)
and their advantages/disadvantage in terms of bio-imaging
applications. Finally, the potential application of NIR-IIa
fluorophores in blood vessels and tumour imaging is com-
pared with NIR-II dyes with emission <1300 nm and systemati-
cally explained for a better understanding of the advantages of
the NIR-IIa region over other imaging windows. Last but not
least, we mention the possible challenges and future outlook
that could be impactful for the future development of NIR-IIa
fluorophores, to the best of our knowledge.

2. Molecular engineering of organic
fluorophores to attain NIR-lla emission

NIR-IIa emissive fluorophores in the 1300-1400 nm region are
a significant development that overcomes the drawbacks of
NIR-I and NIR-IT and opens the door to previously unattainable
depths in non-invasive imaging and diagnostic applications.®!
In this context, NIR-IIa organic fluorophores, comprising both
small molecules and semiconducting polymers, have attracted
considerable attention owing to their excellent biocompatibil-
ity, versatile molecular design, and the ability to finely tune
their optical properties.*® Until now, numerous methodologies
have been systematically employed to intricately modify the
chemical backbones of organic fluorophores (Fig. 2). These
strategic modifications aim to extend the spectral range,
enabling desirable absorption and emission of light at longer

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic representation of a universal scaffold for (A) D—A-D
and (B) polymethine based fluorophores.

wavelengths.®” Conventionally, the engineering of these fluoro-
phores is contingent upon the difference in energy between
the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO), a correlation intricately
governed by their n-conjugated systems.°®®® Practical
approaches for molecular engineering, which include the
extension of conjugation,’>®” enhancement of electron density
in donor units,*® reduction of electron density in acceptor
units,”® heteroatom exchange,”’ and J-aggregate formation,”>
have surfaced as efficacious strategies for inducing a red-
shifted absorption/emission wavelength of a given fluoro-
phore. For example, extension of the conjugation chain length
delocalizes 7 electrons into the molecular backbone, resulting
in a redshift of both absorption and emission due to reducing
the HOMO-LUMO gap.*>”>”* To further manipulate the elec-
tron density of donor units, ingenious approaches involving
the introduction of electron-donating substituents have been
successfully employed.®® Concurrently, strategies for diminish-
ing the electron density of acceptor units have been explored,
including tactics such as exploiting the heavy atom effect (e.g.,
substituting O for Si, S for Se), integrating electron-withdraw-
ing substituents, and introducing fluorine atoms.”"”> These
meticulous adjustments are instrumental in sculpting the
desired properties of fluorophores. The incorporation/replace-
ment of heteroatoms into the fluorophore structure stands out
as a pivotal avenue for modulating electron density and, conse-
quently, influencing the energy gap. This deliberate modifi-
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cation manifests as bathochromic shifts in absorption and
emission wavelengths. Specifically, substituting the oxygen
atom of a heterocycle for a carbon, silicon or other chalcogen
atom emerges as a particularly effective strategy, inducing a
discernible redshift in the absorption/emission spectrum.”
Furthermore, the creation of J-aggregates emerges as an intri-
guing facet in this scientific narrative. These aggregates, fabri-
cated through the judicious aggregation of monomer fluoro-
phores via n-n interactions between adjacent conjugated units,
exhibit redshifted absorption and emission. This distinctive
feature underscores the potential of J-aggregates as a valuable
tool for achieving desired shifts in spectral characteristics.”*”°
Together, these strategic modifications form a comprehensive
framework for meticulously fine-tuning the chemical pro-
perties inherent in organic fluorophores, allowing for longer
wavelength shifts.

Until now, NIR-IIa organic fluorophores have been categor-
ized into two groups: (1) fluorophores based on a (donor-
acceptor-donor) D-A-D structure and (2) fluorophores based
on polymethine structures. The first category comprises fluoro-
phores structured on the (donor-acceptor-donor) D-A-D
architecture, where an acceptor unit is strategically nestled
between two donor entities. This intricate design, illustrated in
Fig. 2A, demands meticulous consideration in selecting
electron donors, acceptors, and -bridging groups.>®””
Researchers have created diverse polymer backbones based on
the D-A-D framework, utilizing various functional units such
as D-A-D, D-n-A-A-D, S-D-n-n-n-Dn-S (with a n-spacer and
S-shielding unit), and D-S-A.”® On the other hand, poly-
methine fluorophores consist of two heterocyclic rings, incor-
porating heteroatoms like nitrogen, oxygen, or sulfur atoms
(Fig. 2B).”° One of these heterocyclic rings carries a positive
charge and is connected by conjugation with an odd number
of carbon atoms. The terminal group of the heterocycle with a
positive charge acts as an electron acceptor, whereas the other
serves as an electron donor.”” Both categories, D-A-D and
polymethine, showcase bathochromic shifts in absorption/
emission by strategically manipulating their band gap levels.
Fig. 3 visually articulates the chemical structures of recently
developed small molecules within these categories, alongside
semiconducting polymers, while Table 1 provides a concise
summary of their photophysical properties. This section pre-
dominantly focuses on the intentional design of organic
fluorophores exhibiting NIR-Ila emission.

2.1. Molecular engineering of D-A-D based NIR-IIa emissive
fluorophores

In the pursuit of developing NIR-IIa fluorophores, we concep-
tualize their design with a characteristic strong electron
donor-acceptor (D-A) configuration. This design choice pro-
motes significant separation between the electron density of
the HOMO and the LUMO. A decrease in the energy gap
between the HOMO and the LUMO typically leads to a red-
shifted wavelength. This is accomplished by employing elec-
tron acceptor units with strong electron-withdrawing capabili-
ties, thereby lowering the LUMO level.® Additionally, the

752 | RSC Appl. Polym., 2024, 2, 749-774

View Article Online

RSC Applied Polymers

incorporation of electron-rich donors with relatively large
n-conjugated structures can enhance the intermolecular m—n
interactions and facilitate intramolecular charge transfer
(ICT).”> Besides, the introduction of molecular planarity
is also an effective strategy for obtaining increased
n-conjugation, thereby augmenting the extent of absorption
and emission for the fluorophores.® It is revealed that the tor-
sional angle between molecular fragments directly affects the
planarity of fluorescent dyes, which in turn influences their
emission wavelength. There is a direct correlation between the
transition wavelength of the first excited state and molecular
planarity. Increasing the planarity by reducing the torsional
angle leads to a redshift in the emission wavelength due to
enhanced orbital overlap and reduced non-radiative decay
pathways in planar structures.”> > Therefore, understanding
the relationship between torsional angle and emission wave-
length is crucial for the rational design of fluorescent
materials with desired photophysical properties. To illustrate
the above phenomenon, we provide examples of various
reported fluorophores that emit in the NIR-IIa region based on
the D-A-D architecture.

Research involving donor moieties featuring fused ring
systems has garnered significant interest because of their
rigid, planar structures, which promote intermolecular
organization and effective charge transfer. Notably, examples
such as 4,8-bis(4-(2-ethylpentyl)thiophen-2-yl)benzo[1,2-b:4,5-
b'|dithiophene (BDT) and 2,5-bis(trimethylstannyl)thieno[3,2-
blthiophene (DT) have been investigated. In their respective
studies, Fan et al. and Dai et al. designed unique polymer dots
—BDT-TTQ Pdots®” (Fig. 44, i) and PDT-TTQ Pdots®" (Fig. 4B,
i). BDT-TTQ Pdots employed BDT as the donor, while
PDT-TTQ Pdots utilized PDT as the donor and 6,7-bis(4-(hexy-
loxy)phenyl)-4,9-di(thiophen-2-y1)-[1,2,5]thiadiazolo[3,4-g]-qui-
noxaline (TTQ) as the common acceptor. The BDT-TTQ Pdots
demonstrated an absorption peak at 1066 nm and an emission
maximum in the NIR-Ila range at 1305 nm as shown in
(Fig. 44, ii), while the PDT-TTQ Pdots showed absorption at
1000 nm with an emission maximum at 1310 nm (Fig. 4B, ii).
The incorporation of the planar dual-thiophene unit from the
electron releasing DT and the alkylthiophene-substituted ben-
zodithiophene group from the electron donor BDT imparted a
more planar structure to the main chain of PDT-TTQ Pdots.
Theoretical calculations also reveal that the optimized ground
state planar configuration of the molecule maintains small tor-
sional angles of less than 20° along the main chain. This
enhanced planarity is expected to expand the absorption range
of the polymer, attributed to the enhanced z-conjugation
arising from the planar molecular structure. This is reflected
in the decreased HOMO-LUMO gaps observed in the Pdots;
this is 1.37 eV for PDT-TTQ. Recently, An et al. developed
T-BBT (Fig. 5B) and BT-BBT (Fig. 5C) Pdots, achieving a planar-
ized molecular conformation by integrating donor units (triar-
ylamine and thiophene) with the cyclopenta-1,3-diene unit
attached to the acceptor unit, m-benzo[1,2-c:4,5-c'|bis[1,2,5]
thiadiazole (BBT), to form a rigid molecular entity.’* This
strategic approach not only bolstered the electron-donating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Chemical structures of molecules emitting in the NIR-lla region for Pdots.

properties but also elevated the degree of n-conjugation. DFT
calculations of the ground state optimised geometry showed
that the torsional angle between the donor and acceptor units
of both T-BBT and BT-BBT was 0° along the conjugated chain
with a completely coplanar conformation. Driven by the strong
ICT and extensive zm-conjugation in both T-BBT and BT-BBT,
they display narrow energy gaps of 1.039 and 1.042 eV, respect-
ively. T-BBT and BT-BBT exhibited distinct absorption peaks at

© 2024 The Author(s). Published by the Royal Society of Chemistry

982 nm and 960 nm, respectively, with emission peaks at
1307 nm and 1246 nm, respectively. T-BBT and BT-BBT exhibi-
ted substantial Stokes shifts of 325 nm and 286 nm, respect-
ively, which were indicative of a strong ICT between the donor
(D) and acceptor (A). Due to the stronger charge transfer
characteristics of T-BBT, it exhibits longer-wavelength absorp-
tion and emission maximum peaks compared to those of
BT-BBT.
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Table 1 Summary of the reported NIR-1la Pdots
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Size
Type Label Amphiphilic polymer Aabs/Aem (NM) QY (%) (nm) Ref.
Small molecules T-BBT DSPE-mPEG,00 982/1307“ 3.6° 81.5 80
BT-BBT DSPE-mPEG 00 960/1246 13.5% 70
BBTD-1302 DSPE-mPEGs00 942/1302° 2.4° 80 81
TTQ-TC-PFru — 796/1042¢, 11004, 1300°  5.45,0.6Y 60 82
B2T Pluronic-F127 871/1123, 13009 0.012¢ 111.4 83
B2TA Pluronic-F127 878/1127, 1300¢ 0.016° 107.8
BETA Pluronic-F127 892/1138, 13009 0.019¢ 117.8
FD-1080 DMPC 1360/1370° 0.054 110 84
FN Polypeptide PEA 1116/1285” 0.058° 47 85
HC1342 PEG-b-PCL 1286/1342¢% 0.015% 32.1 62
HC1336 PEG-b-PCL 1276/1336° 0.012% —
HC1356 PEG-b-PCL 1288/1356° 0.010¢ —
HC1362 PEG-b-PCL 1298/1362¢ 0.011% —
HC1290 PEG-b-PCL 1232/1290% 0.010% —
HC1360 PEG-b-PCL 1290/1360% 0.009% —
HC1366 PEG-b-PCL 1306/1366° 0.010¢ —
HC1376 PEG-b-PCL 1312/1376% 0.011% —
5H5 PEG/N;-PEGg—cRGDg 1069/1125, 1300" 2.6% 50 86
Organic semi-conducting polymers DPQ DSPE-PEGs000-FA 1015/1300° 0.02° 100 63
BDT-TTQ Pluronic-F127 1066/1305° — 100 87
P1 — 1078/1151¢ 0.322°¢ — 88
P2 — 1080/1151¢ 0.384° —
P3 DSPE-PEG 1100/1 150 13009 0.505° 182.7
P3a PS-PEG 736/1113, 1284° 0.1¢ 24 48
P3b PS-PEG 759/1115, 1279° 0.6¢ 14
P3c PS-PEG 746/1123, 1272° 1.7¢ 16
PSQP DSPE-PEG500-FA 748/1300° — 172.4 64
PTQ DSPE-PEG,0,-AS1411 liposomes ~ 840/1310° — 100 89
TTQ-2TC PS-PEG 880/1 070 1270¢ 0.3° 140 90
PDT-TTQ DSPE-PEG500,-COOH 1000/1020, 1310° — 8 91
Pttc-SeBTa-NIR1380 CM-PEG-DSPE 1270/1380% 0.25% 73 49

@ Measured in DCM. ? Measured in DMSO.  Measured in THF. ¢ Measured in water. ¢ Measured in MeOH. / Measured in PBS. £ Measured in DCE.

" Measured in ACN.

An alternative effective approach for achieving NIR-IIa fluo-
rescence emission in D-A-D structures involves extending the
conjugation along the thiophene donor units and diminishing
the electron-withdrawing densities. This strategy enhances the
charge transfer characteristics. Subsequently, the researchers
designed TTQ-2TC Pdots (Fig. 4C, i).”°

In this design, an electron donor is represented by a bithio-
phene unit with extended alkyl side chains, while TTQ is
selected as the acceptor. Notably, these Pdots displayed
absorption bands within the range of 600 to 1300 nm, indica-
tive of ICT within the charge transfer states of D-A-D.
TTQ-2TC displayed a broad absorption at 880 nm and a peak
emission maximum at 1270 nm in water as shown in Fig. 4C,
ii. Another modification involved altering the donor unit by
incorporating structurally twisted donor moieties, specifically
(E)-1,2-bis(3-tetradecyl-thiophen-2-yl)ethene (TV) and 4,4"-di-n-
dodecyl-2,2"-bithiophene (2TC), which were further modified
with extended alkyl side chains, along with TTQ as the accep-
tor unit. This alteration led to the formation of PTQ Pdots
(Fig. 4D, i) capable of exhibiting absorption peaks at 840 nm,
with an NIR-IIa fluorescence emission peak at 1300 nm as dis-
played in (Fig. 4D, ii).*® Utilizing diketopyrrolopyrrole (DPP),
alternating with an electron rich oligothiophene as the donor
and TTQ as the acceptor, Huang’s research group developed

754 | RSC Appl. Polym., 2024, 2, 749-774

DPQ Pdots (Fig. 4E, i).°> DPQ displayed absorption and emis-
sion peaks at 1064 nm and 1300 nm, respectively, as shown
in Fig. 4E, ii. BBTD-1302 (Fig. 5) was developed by Ye et al,
incorporating electron-rich thiophenes, a styrene moiety, and
N,N-dimethylamino groups at both ends of the BBT core.®
Theoretical studies revealed a planar configuration of the two
thiophene units consisting of styrene and benzene units. The
HOMO of BBTD-1302 spans the entire conjugation skeleton,
while the LUMO is located on both the BBT core and the
bithiophene units. This indicates an ICT from the donor N,N-
dimethylamino to the BBT acceptor core, leading to an energy
gap of 0.88 eV. BBTD-1302 exhibits a strong absorption and
NIR-IIa emission at 942 nm and 1302 nm respectively.

PSQP Pdots (Fig. 6B), incorporating a squaraine acceptor
core and 1,4-bis[2-(1-methylpyrrol-2-yl)vinyl]-2,5-didodecyloxy-
benzene (BP) as the donor unit, exhibit a narrow HOMO-
LUMO energy gap. This feature comes from the alternating use
of strong donor and acceptor units, leading to longer conju-
gation in the polymer backbone. The semiconducting polymer
PSQP presents a broad absorption at 748 nm and a redshifted
emission reaching 1300 nm. In contrast, the small molecular
form of the squaraine dye, SQP (Fig. 6A), fails to reach longer
wavelengths due to its reduced conjugation compared to that
of PSQP Pdots.**°8

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2. Molecular engineering of polymethine based NIR-IIa
emissive fluorophores

Inspired by the structural characteristics of an FDA-approved
NIR dye, indocyanine green (ICG), a series of polymethine dyes
have been synthesized.’® These dyes also possess the unique
property of both absorbing and emitting light within the
NIR-IIa spectral range. As mentioned earlier, the structures of
polymethine fluorophores have long conjugated methine units
and two heterocyclic terminals that are either symmetric or
asymmetric. Thus, utilizing extended methine units and a
terminal unit that is electron-deficient could effectively extend
the emission wavelength, resulting in remarkable in vivo pene-
tration depth. However, as per the theoretical model, a cyanine
with an extremely long chain and long wavelength would lack

© 2024 The Author(s). Published by the Royal Society of Chemistry

a significant gap between the HOMO and LUMO. This differ-
ence occurs because the more extended chain means that the
terminal group’s role becomes insignificant.’” Thus, the
concept of the “cyanine limit” was introduced, indicating that
molecules experienced symmetry disruption beyond a certain
length.’® In general, elongating the polymethine chain tends
to efficiently expand the n-conjugate system thereby reducing
the HOMO-LUMO energy gap, which can have NIR-Ila emis-
sion. However, most of the polymethine fluorophores reported
so far typically have only a maximum of seven methine units.
This is attributed to a limitation known as the “cyanine limit”.
Conversely, a thoughtful design focusing on heteroatom
exchange and introducing donor groups at the heterocyclic
terminals has proved to be successful for achieving a batho-
chromic shift towards longer wavelengths.”® Also, the unique
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chain structure and planarity of the heterocyclic terminals
make polymethine fluorophores susceptible to a specific aggre-
gation phenomenon in water, resulting in the formation of
J-aggregates causing notable changes in the optical pro-
perties.”” These highly organized assemblies of organic dyes,
compared to monomer molecules, exhibit spectroscopic
characteristics such as bathochromically shifted absorption
and emission, minimal Stokes shifts, and enhanced absorp-
tion coefficients, all achieved through self-assembly
processes.”>'% Following this, we elaborate on the specific
approach to extending wavelengths based on the principles
outlined above.

(i) Modifying the conjugation system of polymethines

(a) Increasing the length of the conjugated chain. Extension
of the polymethine conjugated chain predominantly involves
increasing the number of methine units within the elongated

756 | RSC Appl. Polym., 2024, 2, 749-774

chain. Our research team has successfully synthesized three
polymethine dyes, namely NIR1125, NIR1270, and NIR1380
(Fig. 7).”7 These dyes are characterized by a narrow-band
feature achieved through expansion of the conjugation length
using intermediate methine units. NIR1125 comprises three
methine units, NIR1270 consists of five methine units, and
NIR1380 incorporates seven methine units, each linked to
thiopyrylium (an electron-releasing group) and thiopyrylium
salt (an electron-withdrawing unit) at the terminals, as illus-
trated in Fig. 7A-C. As the number of methine units
increased from three to seven, it resulted in a reduction in
the HOMO-LUMO energy gap, as represented in Fig. 7D. The
HOMO-LUMO gaps were measured for each dye individually:
NIR1125 exhibited a gap of 1.59 eV, NIR1270 showed a
reduced gap of 1.46 eV, and NIR1380 demonstrated the smal-
lest gap of 1.36 eV. As a result, the reduction in the energy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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gap led to shifts towards longer wavelengths in both absorp-
tion and emission. NIR1125 displayed absorption and emis-
sion peaks at 1066 nm and 1125 nm, respectively. In the case
of NIR1270, absorption and emission peaks are observed at
1188 nm and 1270 nm, respectively. Notably, the dye with
seven methine units, NIR1380, exhibited absorption and
NIR-IIa emission peaks at 1270 nm and 1380 nm as dis-
played in Fig. 7E and F. This sequential exploration of poly-
methine dyes with increasing methine units not only pro-
vided insights into their electronic structure but also demon-
strated a systematic decrease in the energy gap, which
enabled extension of the wavelengths into the NIR-IIa
region.

© 2024 The Author(s). Published by the Royal Society of Chemistry

(b) Introducing rigid rings into the conjugated chain. Despite
the effectiveness of increasing the number of methine units to
extend the emission wavelength in polymethines, the “cyanine
limit” phenomenon poses challenges to the stable synthesis of
longer-emitting fluorophores. Consequently, many researchers
have sought to improve the fluorophore emission wavelengths
by altering the chain structures while maintaining a consistent
number of methine units. The predominant approach involves
inserting a set of rigid rings into the central portion of the
methine chain. Introducing a rigid ring into the methine unit
helps to maintain a planar structure, which is crucial for
efficient n-conjugation and leads to a longer emission wave-
length due to the extended conjugation pathway. For example,
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as depicted in Fig. 7G, the introduction of a five-membered
ring containing a nucleofugal chlorine group into the central
chain bridge of NIR1270 dye resulted in a bathochromic shift
of around 72 nm, producing HC1342 dye.®>””

(¢) Extending the conjugation of the terminal moiety. An
alternative strategy to attain longer wavelengths might involve
extending the conjugated system on the terminal moieties.
Studies have revealed that introducing fused conjugated struc-
tures on the terminal moieties can lead to a redshifted emis-
sion.'® However, this tactic has not yet been reported to create
polymethine dyes with emission maxima in the NIR-1Ia region.

(ii) Tuning donor and acceptor moieties. The key factor
affecting the optical properties of polymethine dyes is the
terminal group. Effective methods for extending the emission
wavelength of polymethine fluorophores is to replace the
heteroatom in the end groups and/or add a donor group to the
end heterocyclic unit. This approach enhances the density of
its electron cloud, contributing to wavelength extension. To

View Article Online

RSC Applied Polymers

illustrate, Fan et al. undertook a systematic engineering effort
to develop a series of heptamethine cyanines (HCs) character-
ized by NIR-Ila emission. The study involved the design of
nine heptamethine cyanines, namely HC1222, HC1342,
HC1336, HC1356, HC1362, HC1290, HC1360, HC1366, and
HC1376, with meticulous attention to structure-property
relationships® (Fig. 8A-D). Firstly, all the fluorophores in this
series were constructed with a heptamethine system featuring
a 5-membered bridge. This structural characteristic set the
stage for the desired NIR-IIa emission. The second design
consideration involved the incorporation of the 4,6-diphenyl-
substituted o-pyrylocyanine moiety. A third design
element involved changing the heteroatom (X) in the
a-thiopyrylocyanine moiety from oxygen (O) to sulfur (S).
These modifications contributed significantly to achieving a
notable redshift in the emission, aligning with the target
NIR-IIa region. Lastly, two phenyl groups were introduced to
realize substituent effects. This enabled the precise tuning of

Tuning the donor and acceptor moieties in polymethines for NIR-lla emission
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Fig. 8 Tuning the donor and acceptor moieties of polymethine based HC fluorophores (A—D) for NIR-lla emission.
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the spectral properties of the heptamethine cyanines, ulti-
mately resulting in the desired NIR-Ila emission. HC1222
shows absorption at 1180 nm and emission at 1222 nm, with
an energy gap of 1.409 eV. Heteroatom exchange from O to S
in the a-thiopyrylocyanine scaffold of HC1222 resulted in
HC1342. This strategy of atom exchange led to a decrease in
the energy gap to 1.321 eV, causing a bathochromic shift in
the absorption and NIR-Ila emission at 1286 nm and 1342 nm,
respectively. The phenyl groups located at positions 6 and 4 in
the heterocyclic terminals of HC1342 undergo substitution
with a methoxy group at the meta position to yield HC1356 and
HC1360, at the para position to yield HC1362 and HC1366, and
at the ortho position to yield HC1290 and HC1336. The energy
gap is determined to be 1.316 eV for both HC1356 and HC1360.
In contrast, the energy gap for HC1362 and HC1366 is
measured to be 1.298 €eV. As a result, there was a shift towards
longer wavelengths in NIR-IIa emission caused by a reduced
energy gap compared to HC1342. The energy gap is found to be
1.332 eV for both HC1290 and HC1336; this is blueshifted
when compared to HC1342, which can be attributed to an
enhanced steric effect. By substituting p-methoxy groups on
both phenyl rings of HC1342, the resulting HC1376 exhibits the
smallest energy gap of 1.275 eV. This results in an emission
shifted towards the NIR-IIa region compared to all other HCs.
Thus, HC1336, HC1356, HC1362, HC1290, HC1360, HC1366,
and HC1376 exhibit absorption peaks at 1276, 1288, 1298, 1232,
1290, 1306, and 1312 nm and emission peaks at 1336, 1356,
1362, 1290, 1360, 1366, and 1376 nm respectively.

(iii) J-Aggregates for redshifted emission in cyanine dyes.
Over 80 years ago, independently discovered by Scheibe and
Jelley, the J-aggregates of organic dyes, exemplified by 1,10-
diethyl-2,20-cyanine chloride, marked the beginning of a sig-
nificant exploration.”*'°> Subsequently, various self-assem-
blies with similar characteristics emerged. These aggregates,
often referred to as Scheibe aggregates or J-aggregates, display
narrow and shifted absorption/emission bands towards longer
wavelengths, a minimal Stokes shift, and increased e.”7-19%1%4
The fluorescence displayed by J-aggregates is a result of the
dyes aggregating together; this was observed by Tang’s group
in 2001 and found to be related to the aggregation-induced
emission (AIE).'% Unlike AIE, where fluorescence is triggered
by intramolecular rigidification, J-aggregates usually show new
fluorescence bands because of intermolecular interactions."*®
The alignment of transition dipole moments in J-aggregates is
a key factor contributing to their unique optical properties.
This arrangement, achieved by positioning molecules ‘head-to-
tail’ or in a ‘shifted plates’ configuration, leads to a beneficial
coupling of the transition dipoles in the excited state.'®” In
J-aggregates, the dyes absorbing and emitting in the NIR
window have attracted significant attention for biomedical
imaging.'®® In the late 1930s, researchers made systematic
changes to the structure of cyanine dyes, revealing the impor-
tant features that lead to J-aggregation. It is found that the
longer conjugated structure of cyanine dye forms more stable
aggregates compared to traditional dyes. Over time, numerous
cyanine dyes with J-aggregation in the NIR range have been

© 2024 The Author(s). Published by the Royal Society of Chemistry
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synthesized, and researchers have extensively studied how
their optical properties relate to changes in structure. This dis-
cussion primarily centres on NIR-IIa-emitting J-aggregates,
exploring their significance in the context of biomedical
imaging within the advantageous NIR-IIa region.

J-Aggregates are characterized by a redshifted emission
compared to the monomeric form of the dye. This redshift is
attributed to the strong intermolecular interactions between
the planar dye molecules in the aggregate state.”> A notable
illustration comes from Zhang’s research team, who demon-
strated how the amphiphilic cyanine dye FD-1080 could self-
assemble with 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) to form a stable FD-1080 J-aggregate, as seen in
Fig. 9A, i.%* This aggregate displays unique absorption and
emission peaks at 1360 nm and 1370 nm respectively, both
falling within the NIR-IIa region as seen in Fig. 9A, ii. These
values show a significant bathochromic shift compared to its
monomeric form, FD-1080, which absorbs and emits light at
1046 nm and 1080 nm, respectively. Another interesting
example involves the work of Teng et al, who designed a
bromine- and piperazine-modified cyanine dye called FN, and
incorporated it into nanomicelles through encapsulation with
an amphiphilic polypeptide featuring tertiary amine side
chains (PEA), leading to the development of J-aggregates as
represented in Fig. 9B, i.® FN and PEA self-assemble to form
P@FN9 J-aggregates characterized by an absorption peak at
1116 nm and show NIR-IIa fluorescence, reaching a peak at
1285 nm as displayed in Fig. 9B, ii and iii. These examples
showcase the potential of tailored self-assembly processes for
achieving unique and advantageous spectroscopic features in
the development of advanced contrast agents.

3. Molecular design of organic
fluorophores to enhance NIR-lla
brightness

Fluorescence imaging in the NIR-IIa region offers advantages
such as reduced tissue scattering and diminished autofluores-
cence. Consequently, the role of probe brightness becomes
pivotal in enhancing the signal-to-background ratio for fluo-
rescence-related bio-applications. A key consideration for an
optimal fluorophore lies in its ability to exhibit robust absorp-
tion and emission characteristics upon exposure to light. In
this context, both D-A-D and polymethine fluorophores share
a common feature—an extensively bulky conjugated system,
accompanied by a narrow HOMO/LUMO energy gap.
Unfortunately, this characteristic often results in a low QY. The
fluorescence QY of NIR-II fluorophores is typically low because
of limitations imposed by the energy gap law and the signifi-
cant quenching behavior caused by aggregation due to highly
conjugated structures, known as aggregation-caused quench-
ing (ACQ) behavior.'® Despite this limitation, the design of
NIR-IIa organic probes requires a broader perspective beyond
wavelength considerations alone. Fluorescence brightness

RSC Appl. Polym., 2024, 2, 749-774 | 759
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emerges as a more critical factor for bioimaging. Achieving
optimal fluorescence brightness in fluorophores is a nuanced
challenge influenced by two important factors: the molar extinc-
tion coefficient ¢ and fluorescence QY. Fluorescence brightness
is not solely contingent on either the fluorescence QY or ¢;
rather, it is an outcome determined by the product of both
factors. Hence, these parameters are intricately linked, creating a
delicate balance in their optimization. Notably, the quest for a
higher QY can be counteracted by a decrease in e. This makes it
challenging to boost both features at the same time.”® Until now,
scientists have devised diverse approaches to address the chal-
lenge of enhancing the brightness of D-A-D and polymethine-
based fluorophores. This involves implementing chemical modi-
fications to the molecular backbones of the fluorophores, which
are discussed elaborately in subsequent sections.

3.1. Chemical modification of D-A-D based fluorophores to
improve brightness

In the case of D-A-D fluorophores, researchers have identified
that incorporating hydrophobic donors, incorporating long

760 | RSC Appl. Polym., 2024, 2, 749-774

alkyl chains to donor units, or introducing shielding units to
the molecular backbone prove to be an effective strategy to
reduce intermolecular n-x stacking, hence reducing the ACQ
that helps to suppress non-radiative decay processes, ulti-
mately enhancing fluorescence properties.®® Additionally, the
integration of AIE moieties has proved to be a successful
approach for achieving high QYs for D-A-D fluorophores.*
Furthermore, introducing alternating planar and twisted mole-
cular structures into fluorophore design has demonstrated the
ability to yield high QYs and high &."*°

Fan et al. introduced three distinct polymer backbones with
a D-A-D structure, where each of them featured varying bulky
side units. These polymers include thiadiazoloquinoxaline
(TQL) and BDT as the acceptor and donor units. The donor
unit is modified with different alkyl side chains to enhance
the QY of the Pdots. This led to the development of P1, P2,
and P3, corresponding to the introduction of linear, short, and
bulky-branched side chains, respectively, as shown in
Fig. 10A-C.*® To understand the structural differences,
density-functional theory (DFT) was used. It showed that P3,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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with bulky branched side units, had the largest angle between
the BDT donor and TQL acceptor units. This observation indi-
cates a more pronounced distortion in the polymer backbone
compared to P2 and P1. Consequently, P3 showcased a notable
anti-ACQ effect, contributing to a higher QY. The fluorescence
QYs were determined to be 0.322% for P1, 0.384% for P2, and
0.505% for P3, highlighting the impact of different side units
that affected the optical characteristics of these polymers.
Wu’s group utilized phenothiazine as the donor, driven by
the exceptional electron-donating capabilities of sulfur and
nitrogen atoms within phenothiazine. The incorporation of
various side groups onto phenothiazine units imparts a non-
planar structure, effectively impeding n-n molecular stacking.
To enhance the polymer’s properties, they incorporated a
robust acceptor, benzobisthiadiazole (BBT), resulting in the
formation of three conjugated polymers (P3a, P3b, and P3c)
(Fig. 10D and E) with NIR-Ila emission.*® They introduce AIE
and anti-ACQ characteristics within a single molecular entity.
The AIE characteristics originate from the phenothiazine
donor, limiting non-radiative decay pathways in the aggregated
state. Concurrently, the introduction of the anti-ACQ feature
through side group modifications of phenothiazine experi-
ences steric hindrance due to the presence of bulky side sub-
stituents, which in turn weakens n-n stacking. Among these
polymers, P3c Pdots stand out, due to the bulky structure of
diphenylanthracene, which ameliorates the anti-ACQ effect.

View Article Online
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Consequently, the QYs for P3a, P3b, and P3c Pdots were
measured to be 0.1%, 0.6%, and 1.7%, respectively. Notably,
P3c Pdots exhibit a fluorescence brightness roughly 21 times
greater than that of P3a Pdots, highlighting the significant
impact of side group modifications on the optical performance
of these polymers.

As previously discussed, a fluorophore’s brightness relies
on both the QY and ¢ collectively. Fan’s research group intro-
duced an innovative approach to significantly augment the
NIR-IIa fluorophores’ brightness by combining two distinct
properties: (1) structural planarization to enhance ¢ and (2) a
twisting configuration to boost QY within a single fluorophore.
In this work, alkyl thiophenes and BBT functioned as the
donor and acceptor units. Three molecules were meticulously
designed, namely, B2T, B2TA, and BETA (Fig. 11A-C).** The
approach involved incorporating three thiophene units for B2T
and introducing a nonconjugated alkyl side chain into the
terminal thiophene of B2T to create B2TA. DFT calculations
unveiled that the addition of a terminal nonconjugated alkyl
unit resulted in a more planar structure for B2TA compared to
B2T. Consequently, B2TA exhibited a higher absorption coeffi-
cient (&) of 7.38 x 10> M™" em ™" with a QY of 0.016%, while
B2T displayed a lower & of 3.18 x 10> M™" em™" with a QY of
0.013%. To achieve a strong absorption while preserving the
fluorophore’s high QY, a bulky planar 3,4-ethoxylenedioxythio-
phene (EDOT) unit is introduced by replacing a thiophene unit

Chemical modification for high QY in D-A-D structures

A B C
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Fig. 10 D-A-D based molecular structures of (A—F) P1, P2, P3, P3a, P3b, and P3c Pdots for high QY.

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Appl. Polym., 2024, 2, 749-774 | 761


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lp00076e

Open Access Article. Published on 10 June 2024. Downloaded on 1/9/2026 11:41:40 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

View Article Online

RSC Applied Polymers

Planar and twisted structures for high QY and high € in D-A-D structures

B2T

B2TA

BETA
€= 11.3 x 103 (M-'cm-!), QY= 0.019%

D

T-BBT
€=43.9 x 103 (M-'cm), QY= 3.6%

BT-BBT
€= 45.5 x 10° (M-'cm-"), QY= 13.5%

Fig. 11 D-A-D based fluorophores (A—E) with planar and twisted molecular architectures for high QY and high e.

near the terminus of B2T, resulting in BETA. This led to
enhanced planarity, displaying an increased ¢ of 11.3 x 10°
M~ em™' with a QY of 0.019%, surpassing both B2T and
B2TA. DFT calculations revealed that the terminal alkyl chain
and bulky EDOT replacement contributed to increased mole-
cular planarity for the fluorophore. In their research, Cai et al.
introduced two fluorophores, T-BBT and BT-BBT (Fig. 11D and
E), characterized by a structurally rigid and planar confor-
mation.®® These fluorophore molecules feature BBT as the
acceptor core, with the donor unit comprising thiophene and
triphenylamine fused with cyclopenta-1,3-diene. Both T-BBT
and BT-BBT have conjugated backbones that adopt a comple-
tely coplanar structure, as revealed by DFT calculations. This
structural rigidity reduces non-radiative decay pathways related
to electronic vibration coupling. This conformational planari-
zation resulted in notably high & values for both T-BBT and
BT-BBT of 43.9 x 10° M™' em™ and 45.5 x 10> M™* cm™,
respectively. Simultaneously, the structural rigidity contributed
to a high QY of 3.6% for T-BBT and an even more substantial
QY of 13.5% for BT-BBT. The study underscores how the stra-
tegic design of fluorophores with rigid, planar conformations
can effectively enhance both their absorption properties and
fluorescence efficiency. By employing these strategic methods,
it is possible to simultaneously achieve high values of both &
and QY in the resulting fluorophores.

762 | RSC Appl. Polym., 2024, 2, 749-774

3.2. Improving brightness in polymethine based NIR-IIa
fluorophores

To enhance the QY of polymethine fluorophores, various strat-
egies have been introduced.”” These include interactions with
biomolecules thereby reducing nonradiative processes, impos-
ing conformational constraint, and diminishing intersystem
crossing by altering the presence of heavy atoms.'*""'* Other
ways to increase the brightness of polymethine dyes involve
minimizing aggregation effects to maintain a molecular mono-
meric state, ensuring efficient absorption and emission
capabilities."**'"

The diminished fluorescent brightness observed in NIR-II
polymethine fluorophores within biological systems is primar-
ily attributed to ACQ, a common phenomenon. This phenom-
enon may arise due to the extended =m-conjugation of the
methine units and/or terminal heterocycle moieties, essential
for achieving redshifted absorption and emission
wavelengths.”””® However, this extension unavoidably acceler-
ates molecular self-aggregation by means of solvatochromism
and n-stacking, leading to loss of symmetry, broader absorp-
tion spectra, and decreased brightness in aqueous solutions.
As a practical strategy to mitigate these effects and enhance
fluorophore brightness, introducing a bulky group that
induces steric hindrance proves effective.”” To illustrate,

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Enhancing the NIR-Ila brightness of polymethine based fluorophore HC1342 by introducing steric hindrance from smaller and bulky

counter-ions.

Zhang’s team engineered a series of heptamethine cyanine
(HC) dyes, enabling precise adjustments of maximal absorp-
tion/emission wavelengths within the 1100 to 1400 nm
range.”” Among the polymethine HCs shown in Fig. 8A-D,
HC1342 displayed a QY of 0.015% with absorption and NIR-IIa
emission peaks at 1286 nm and 1342 nm, respectively.
However, when introduced into aqueous environments,
HC1342 displayed reduced brightness due to the ACQ
phenomenon as a result of molecular self-aggregation. To
address this, one practical approach involves introducing a
bulky group that induces steric hindrance. Validating this
concept, HC1342 demonstrated a remarkable 13-fold increase
in fluorescent brightness upon introduction into an aqueous
solution, achieved through exchanging counterions for the
bulky tetrakis( pentafluorophenyl) borate (Fs-TPB), resulting in
a QY of 0.004% and ¢ of 46560 M~ cm™'. This contrasted
with its original form paired with the smaller BF, counter-ion,
which had a QY of 0.002% and ¢ of 6800 M~ cm™, while
maintaining similar absorption and emission profiles within
the NIR-IIa region (Fig. 12).

4. Applications of NIR-lla fluorescent
Pdots for deep-tissue imaging

Effective deep-tissue imaging relies mainly on both excitation
and emission photons traversing through biological tissues,
encountering a variety of interactions that profoundly impact
imaging depth. These interactions encompass reflection occur-
ring at the surface interface, scattering within the bio-tissues,
absorption, and autofluorescence from biological species, all
of which are depicted in Fig. 1.""> As we delve deeper, it
becomes evident that the success of deep-tissue imaging
hinges on navigating through these intricate processes.
Fortunately, these factors are highly diminished as we move
towards longer wavelengths. In recent years, there has been

© 2024 The Author(s). Published by the Royal Society of Chemistry

notable rise in multidisciplinary research focused on the
advancement of organic fluorophores tailored for non-invasive
imaging within the second near-infrared window (NIR-II,
1000-1700 nm).*>**® Consequently, the advantageous features
of the NIR-IIa window, characterized by longer wavelengths
(1300-1400 nm), can lead to reduced photon scattering.
Additionally, there is a significant decrease in autofluores-
cence compared to the broader NIR-II range.”® This specific
NIR-IIa wavelength range enables deep tissue imaging in living
subjects, offering promising prospects for biomedical research
and clinical uses. The combined benefits of reduced scattering
and autofluorescence render NIR-IIa imaging highly proficient
for achieving high-resolution and deep-tissue imaging.*’

In this scenario, various NIR-Ila emitting organic fluoro-
phores have been developed and applied in deep-tissue fluo-
rescence imaging. For in vivo deep tissue imaging purposes,
conjugated polymers or organic dyes are embedded within an
amphiphilic polymer matrix such as polyethylene glycol (PEG)
segments, resulting in the formation of Pdots."'” The Pdots
exhibit enhanced brightness and photostability due to the
high concentration of fluorophores per particle, which are
safeguarded by their surrounding polymer embedded
matrix."'”'*® Additionally, the presence of PEG segments on
the Pdots serves to minimize nonspecific adsorption on blood
proteins while extending the in vivo blood circulation time,
thereby preventing rapid renal or hepatic clearance.'>?*"%12°
When utilizing clinically approved agents like ICG'*"'??
methylene blue (MB),'** extensively explored for deep tissue
imaging applications, they exhibit short retention periods due
to rapid clearance allowing for repeated administration.
However, the scarcity of NIR-Ila emissive dyes has prevented
the full exploration of the desired window for deep-tissue
imaging. In this context, our attention in this section is predo-
minantly centered on the exploration of deep-tissue imaging
facilitated by NIR-IIa Pdots comprised of small molecules and
semiconducting polymers. This review primarily focuses on

and
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utilizing NIR-IIa fluorescence imaging to achieve high-resolu-
tion visualization of diverse vascular components, encompass-
ing those throughout the entire body, brain, hind limb, and
abdomen, and for targeted tumor imaging, drawing upon find-
ings from various research studies.

4.1. Invivo NIR-IIa fluorescence imaging of the vasculature
system

The vascular system plays crucial roles in maintaining normal
adult physiology and can worsen diseases by being involved in
inflammation and aiding the growth and spread of cancer.'**
It responds to various stimuli such as vascular endothelial
growth factor A (VEGFA) by undergoing alterations in dia-
meter, permeability, and blood flow."*® In this context, NIR-Ila
fluorescence imaging can visualize blood vessels with excep-
tional contrast and resolution, enabling the observation of
minute capillaries and the identification of subtle alterations
in vascular structure. Moreover, it facilitates the real-time
monitoring of blood flow and perfusion, thereby serving as a
valuable tool for investigating both normal vascular physiology
and pathological conditions."**'*” The SBR holds significant
importance in vascular imaging as it directly impacts the
quality and precision of acquired images. In the context of NIR
fluorescence imaging, longer wavelengths in the NIR-II region
can contribute to a higher SBR compared to the blurry NIR-I
region. This improved SBR in the NIR-II region enables higher
spatial resolution, deeper tissue penetration, and enhanced
contrast, all essential for identifying deep lesions with high
contrast.”>® The newly introduced NIR-Ila window fluoro-
phores have garnered significant interest for their potential in
non-invasive in vivo imaging at longer wavelengths, attributed
to their superior resolution and SBR."***° For example, our
research group developed Ptte-SeBTa-NIR1125 Pdots and Pttc-
SeBTa-NIR1380 Pdots for NIR-Ila vascular imaging in mice.*®
These Pdots were synthesized by chemically bonding NIR dyes
(NIR1125 and NIR1380) to a large semiconducting polymer
(Pttc-SeBTa-PFCOOH), chosen for its anti-ACQ properties. This
property particularly arises from the structural rigidity exhibi-
ted by the Pttc monomer, along with the steric effects offered
by the SeBTa monomer. Subsequently, modifying the fluorene
unit of the polymer skeleton with an azide functional group
enables it to further react with the NIR dye molecules, result-
ing in the desired polymers. These polymers were then encap-
sulated into CM-PEG-DSPE to form nanoparticles (Fig. 13A
and B). The Pdots demonstrated narrow absorption and emis-
sion bands ideal for NIR-IIa fluorescence imaging, which
could potentially enhance penetration depth and result in a
higher SBR (Fig. 13C). Compared with long-pass filters (LPFs)
of different wavelengths, as shown in Fig. 13D, it is observed
that longer wavelengths, despite yielding lower fluorescence
emission, provide improved spatial resolution and SBR by
minimizing background interference. Using a 1250 nm LPF,
we observed a significantly higher SBR in vivo for Pttc-SeBTa-
NIR1380 Pdots compared to Pttc-SeBTa-NIR1125 Pdots
(Fig. 13E). This enhancement in SBR facilitated clearer visual-
ization of blood vessels all over the mouse body (Fig. 13E), par-
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ticularly evident in the hind limb and spinal cord regions,
demonstrating the efficacy of longer wavelengths for achieving
high-quality in vivo imaging with improved SBR (Fig. 13F and
G). The in vivo imaging of the mouse brain vessels also demon-
strated outstanding SBRs (Fig. 13H).

In another example, Fan’s research group developed PDots
based on a telechelic glycopolymer that is water soluble called
TTQ-TC-PFru Pdots, which could emit in the NIR-IIa region
based on the D-A-D structure (Fig. 14A).5> Upon intravenous
injection of these Pdots, real-time imaging was conducted
using excitation at 808 nm with varying LPFs. Higher SBRs
were observed in images obtained with the 1300-1400 nm LPF
compared to those obtained with the 1000-1100 nm LPF,
indicating superior clarity in the images of the mouse hind
limb, brain, and belly vessels (Fig. 14B, (i)-(vi)). This under-
scores the efficacy of longer wavelengths at improving image
quality, including contrast, and penetration depth for in vivo
imaging.

Elevating the SBR in fluorescence imaging has been a
central area of investigation, with a focus on advancing novel
fluorophores characterized by increased brightness.®® As pre-
viously discussed, Fan et al. devised highly luminous BETA
nanoparticles (NPs) by incorporating planar and twisted mole-
cular entities within the same molecular structure.®® Their
findings revealed blood vessels of the brain and leg with
amplified SBRs in the NIR-IIa window compared to the NIR-II
region by utilizing laser excitation at 1064 nm and 808 nm,
respectively as shown in Fig. 15A and D. The exceptional fluo-
rescence brightness of BETA NPs also ensures a superior SBR
when compared to its counterpart, B2ATA NPs (Fig. 15B, C, E
and F). Similarly, the highly bright HC1342/Fs-TPB NPs, utiliz-
ing polymethine dye counter-ion pairing, produced sharp vas-
cular images. In the mouse brain, hind limb, back, and
abdomen, peak SBRs of 4.34, 4.42, 3.78, and 3.20 were
attained, respectively, using a 1319 nm LPF (Fig. 15G, H, K,
and L). Six tiny vessels in the back were clearly distinguished,
with individual full widths at half-maximum (FWHMs)
ranging from 183 to 297 pm (Fig. 151, J, M, and N). These find-
ings underscored the efficacy of the counter-ion-paired strategy
at enhancing imaging performance through heightened
brightness and elevated SBRs.

However, the limited duration of blood circulation poses
challenges for the continuous monitoring of dynamic physical
processes.'*' Addressing this concern, Zhang’s team modified
the surfaces of P3a and P3c Pdots with PS-PEG to prolong the
blood circulation time.*®* Employing PEGylated Pdots, the
mouse body was subjected to NIR-Ila imaging (Fig. 16A).
Remarkably, images acquired with P3a Pdots are nearly
undetectable, whereas P3c Pdots, with both AIE and anti-ACQ
effects, exhibit a high SBR (Fig. 16B-D). PEGylated P3c Pdots
were subsequently utilized for NIR-IIa imaging of the cerebral
vasculature of the mouse. Using a LPF with a wavelength of
1319 nm (NIR-IIa) for fluorescence imaging resulted in notably
sharper images with a higher SBR value than those obtained
with a NIR-II LPF with a wavelength of 1250 nm (Fig. 16E-G).
The high SBR remained relatively stable over 180 min due to

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 (A) Synthesis scheme for Pttc-SeBTa-NIR1125/1380 semiconducting polymers. (B) Schematic for the preparation of Pttc-SeBTa-NIR1126/
1380 Pdots. (C) Absorption and emission spectra represented as solid and dashed lines, respectively, corresponding to Pttc-SeBTa-NIR1125, Pttc-
SeBTa-NIR1380 and Pttc-SeBTa-NIR1270 Pdots in water shown as red, blue and green lines, respectively. (D) Images shown under ambient light
(first row) of Pttc-SeBTa-NIR1125 and Pttc-SeBTa-NIR1380 Pdots (left and right) with LPFs at 1020 nm, 1100 nm, 1250 nm, and 1312 nm (bottom
rows) under 808 nm laser excitation. (E) Whole-body imaging of mice post intravenous administration of Pttc-SeBTa-NIR1125/1380 Pdots imaged
with different LPFs with wavelengths of 1100 nm and 1250 nm, respectively, in supine and prone positions shown in left and right images. (F)
Enlarged images of mouse hind limb vasculature highlighted in the green squares of (E, i) and (E, ii) (top and bottom row, left), with green lines
showing their respective cross-sectional intensity profiles in (F) for Pttc-SeBTa-NIR1125 (left)/1380 (right). (G) Expanded view of the area in the red
squares marked on the spinal cord of (E, i) (top row, right) and (E, ii) (bottom row, right), with the red lines showing their respective cross-sectional
intensity profiles for Pttc-SeBTa-NIR1125/1380 Pdots (right). (H) Wild-type C57BL/6 mouse brain vasculature NIR-II fluorescence imaging post-intra-
venous injection of Pttc-SeBTa-NIR1125/1380 Pdots displayed in top and bottom images using 1100 nm and 1250 nm LPF. Adapted with permission

from ref. 49, from John Wiley and Sons, copyright © 2020.

the extended circulation half-life (approximately 6.6 h) of the
PEGylated Pdots. In contrast, ICG is a small molecule dye typi-
cally cleared within about 5 min, resulting in a very brief

imaging window."*”

4.2. Invivo NIR-IIa fluorescence imaging of tumors

Cancer poses a significant public health challenge, with alarm-
ing statistics indicating nearly 10 million deaths recorded in
2020. Timely detection and treatment are essential for redu-
cing this mortality rate."*>"** In this context, harnessing the
unique technical features of NIR-IIa fluorescence imaging,
through the utilization of NIR-1Ia Pdots, demonstrates signifi-
cant promise for effectively guiding image-guided surgical
tumor navigation with a high SBR.''” A robust SBR enables the
reliable detection and assessment of tumors with high con-
trast and highly diminished background, providing valuable
insights for surgical decision-making and improving cancer
prognosis.'*® Despite Pdots demonstrating effective resolution
for imaging the vascular system as discussed in the previous
section, it is crucial to note that the experimental conditions

© 2024 The Author(s). Published by the Royal Society of Chemistry

differ significantly in the case of tumor targeting from those
employed in vascular imaging.

It is essential to first understand the impact of delivery on
the effectiveness of nanoparticles (NPs) for tumor-targeting
purposes.'*® Following a fundamental principle known as the
“enhanced permeability and retention” (EPR) effect, nano-
particles traverse through openings between endothelial cells,
known as inter-endothelial gaps.'®” These gaps vary in size dis-
tribution, typically ranging from 100 to 500 nm, depending on
the type and stage of the tumor, as observed in mouse models.
This leads to a higher delivery efficiency and tumor accumu-
lation in nanoparticles with hydrodynamic diameters below
100 nm compared to larger particles."*® Secondly, to prolong
the circulation time of nanoparticles in vivo, researchers com-
monly coat the fluorophores with neutral polymers, such as
PEG."® A longer circulation time enhances the likelihood of
nanoparticles accumulating in tumors. The blood half-life of
nanoparticles directly correlates with the length and density of
PEG ligands."*®"*""*° Hence, considering the aforementioned
factors, various research groups have developed nanoparticles
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(A) Illustration depicting the formation of TTQ-TC-PFru Pdots. (B) TTQ-TC-PFru Pdots after injection into mice for NIR-lla imaging of (i)

hind limb, (ii) brain, and (iii) belly vessels using different LPFs (spanning from 1000 to 1400 nm) under 808 nm laser excitation (exposure time =
200 ms). Circles in red denote regions as a reference for background noise. (iv, v, vi) SBR values obtained from the marked regions of red dotted
lines in the cross-sectional profiles of fluorescence intensity obtained with different LPFs. Reproduced with permission from ref. 82. Copyright ©

2020, American Chemical Society.

incorporating NIR-IIa fluorophores tailored for bioimaging
applications in the NIR-IIa window, ensuring efficient delivery
to solid tumors in vivo.

In the work done by Ding et al., the polymethine thiopyry-
lium dye, known as 5H5, exhibited absorption and emission
characteristics within the NIR-II window, showcasing absorp-
tion and emission peaks at 1069 nm and 1125 nm, respect-
ively.®® Additionally, it presents an off-peak shoulder emission
in the NIR-IIa window. The process of preparing 5H5 NPs
involves coating them with PEG, leading to an extended blood
circulation time for the PEG-modified NPs (Fig. 17A). The 5H5
NPs were injected into mice bearing U87MG tumors and a
non-invasive examination of tumor vascular structures for
NIR-II imaging was conducted using 808 nm and 1064 nm
excitation sources. The 5H5 NPs with a hydrodynamic size
smaller than 100 nm facilitates clear visualization of both
tumorous microvasculature (Fig. 17B) and tumor tissues
(Fig. 17C); this is attributed to tumor-selective targeted NIR-II
and NIR-Ila imaging based on the EPR effect. Additionally,
some fluorophores may not proficiently target tumors, necessi-
tating the connection of a targeted molecule to enhance tumor
resolution. Therefore, to enhance both tumor targetability and

766 | RSC Appl. Polym., 2024, 2, 749-774

make the dye water soluble, the 5H5 fluorophore with a term-
inal alkyne group is covalently conjugated to the peptide
¢(RGD)g.. The highest tumor contrast, yielding a tumor tissue
to non-tumor tissue (T/NT) value of 4.0, is obtained under
808 nm laser irradiation. The T/NT value increased to 6.8
under 1064 nm excitation for 8 h (Fig. 17D and E). An ex vivo
biodistribution analysis conducted after 24 h revealed the
accumulation of NPs in the liver and spleen when employing
the 1064 nm laser, implying that the biliary system primarily
facilitated clearance (Fig. 17F and G).

In another example, Teng et al. employed a self-assembly
approach involving the polymethine dye FN and the amphiphi-
lic polypeptide PEA to create J-aggregates using P@FN9 NPs,
aiming for precise NIR-Ila tumor imaging.®® Motivated by the
superior NIR-IIa imaging capabilities observed in the mouse
vasculature compared to NIR-II imaging, as depicted in
Fig. 18A-C, the researchers conducted experiments to assess
the fluorescence performance in tumor imaging. The fluo-
rescence images of tumors in Fig. 18D show a steady rise in
signal over time, attributed to the EPR effect. The T/NT fluo-
rescence ratio demonstrated a notable increase, as shown in
Fig. 18E, reaching 9.2 within 24 h post-injection, highlighting

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 NIR-lla fluorescence imaging of (A) brain and (D) leg vessels in the following groups: B2TA NPs under 1064 nm shown at the top with
3000 ms of exposure time, BETA NPs under 1064 nm and 808 nm laser shown in the middle and bottom with 3000 ms and 500 ms exposure times
respectively. The scale bar denotes 5 mm. (B and E) Cross-sectional profiles of intensity indicated by the red lines in panels (A) and (D) (top and
middle) to compare the fluorescence intensity of vessels across different groups. (C and F) Cross-sectional profile intensity indicated by the red lines
in panels (A) and (D) (middle and bottom) to compare imaging quality under different laser excitation. Error bars are represented as mean + standard
deviation for n = 3. (G, K, H, L) NIR-Il imaging of mouse brain (G), backside (K), hind limb (H), and abdomen (L) vasculature following injection with
HC1342/Fs-TPB. (I, M, J, N) Cross-sectional profiles of fluorescence intensity and Gaussian fits (black and red lines, respectively) along the yellow
dashed lines in (G), (K), (H), and (L), respectively. Reproduced with permission from ref. 62 and 83, from John Wiley and Sons, Copyright © 2022.

the progressive accumulation of P@FN, NPs in the tumor.
Moreover, the observation revealed a predominant localization
of P@FNy NPs in the liver and spleen, suggesting a significant
contribution of the reticuloendothelial system to its metabolic
pathways. The relatively intense fluorescence from the tumor
suggested an increased accumulation of P@FN, as shown in
Fig. 18G and H. Additionally, the duration of the EPR effect
window is assessed by monitoring the blood circulation of
P@FN9. As depicted in Fig. 18F, a significant quantity of
P@FN, remained present in the bloodstream 12 h post-admin-
istration, with a notable decrease observed by 24 h, indicating
the effective accumulation of P@FN, in the tumor via the EPR
effect even during the 12-24 h period following administration.

5. Challenges and future prospects

Despite significant advancements in NIR-IIa organic fluoro-
phores, several challenges persist in their development. Firstly,

© 2024 The Author(s). Published by the Royal Society of Chemistry

synthesizing organic fluorophores with emission wavelengths
beyond 1300 nm and high fluorescence QYs is challenging due
to substantial vibrational overlap between the HOMO and
LUMO, which accelerates non-radiative decay pathways, also
dubbed the energy gap law.°®'*° Moreover, it is important to
highlight the scarcity of NIR-Ila organic fluorophores with
emission maxima higher than 1300 nm as the bottleneck to
their future developments in bioimaging. The structural diver-
sity of existing organic fluorophores remains confined primar-
ily to D-A-D, A-D-A, and polymethine architectures, thereby
hindering the advancement of NIR-Ila organic fluorophores.
The absence of novel molecular scaffolds presents significant
challenges in the endeavour to develop effective probes beyond
1300 nm, although existing fluorophores have already been
extensively studied to extend emission wavelengths. Therefore,
the exploration of new molecular scaffolds or molecular engin-
eering of existing dye molecules could potentially extend the
wavelength ranges beyond 1300 nm in future research investi-
gations."*! While advancements have been made in extending
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(A) Depiction of PEGylated P3a and P3c Pdot formation. (B) NIR-II fluorescence hind limb mouse vasculature images captured 5 min after

injection of P3a Pdots and P3c Pdots intravenously utilizing a 1319 nm LPF under 808 nm laser excitation. (C) Cross-sectional profile intensity indi-
cated as a white line in (B) for P3a Pdots. (D) Cross-sectional profile intensity along the white line indicated in (B) for P3c Pdots. (E) Mouse brain
NIR-II fluorescence imaging at specified time intervals after injection of P3c Pdots intravenously by using a 1250 nm LPF; bottom images were
obtained by using a 1319 nm LPF. (F) Cross-sectional profile intensity indicated as a white line in (E); images obtained by using a 1250 nm LPF. (G)
Cross-sectional profile intensity indicated as a white line in (E); images obtained by using a 1319 nm LPF. Adapted with permission from ref. 48. John

Wiley and Sons, copyright © 2020.

wavelength ranges, a fundamental issue arises with the emis-
sion QYs of fluorophores. Currently, most of the NIR-IIa fluoro-
phores exhibit considerably lower QYs than NIR-I fluorophores
due to factors such as a small HOMO-LUMO gap, which
enables non-radiative decay more than radiative decay, and
hence a low emission yield. Thus, achieving an appreciable QY
relies fundamentally on the reorganization energy and vibronic
coupling.'*? These methods promote radiative decay pathways,
thereby overcoming the energy gap law.'*? Achieving this can
also be entailed by specific structural adjustments to fluoro-
phores, such as interacting with biomolecules,'** imposing
conformational constraints,"'" or introducing large groups
that induce steric hindrance.®” For example, embedding
fluorophores within proteins to form protein-fluorophore
complexes could notably elevate the QYs of Pdots. This is
attributed to the restricted intermolecular interactions among
fluorophores, offering an effective means to enhance their
fluorescent brightness."**'*> Thus, high-resolution imaging in
the NIR-IIa region can be achieved by optimizing both wave-
length and brightness through the implementation of mole-

768 | RSC Appl. Polym., 2024, 2, 749-774

cular engineering strategies applied to the fluorophores. To
date, organic fluorophores in the NIR-IIa range are classified
into two main types: small molecules and semiconducting
polymer dots (SPs), each offering distinct advantages and
drawbacks for bioimaging purposes. Small molecule dyes,
characterized by their specific structures and lower molecular
weights, hold promise for clinical translation due to their
potential for renal clearance.'*® However, their complex struc-
tures necessitate intricate synthesis and purification pro-
cedures. On the other hand, SPs offer easier synthesis routes
and purification processes, primarily utilizing well-established
palladium-catalyzed Suzuki and Stille coupling reactions.*®
Through careful selection of electron donor and acceptor
monomers, NIR-II-absorbing SPs can be readily produced.
Moreover, SPs exhibit superior photostability compared to
small molecule dyes. Looking ahead, addressing the chal-
lenges of the synthetic complexity of small molecule dyes
while leveraging the synthetic simplicity of SPs’ and photo-
stability promises advancements in NIR-IIa bioimaging appli-
cations. However, similar to the method of encapsulating

© 2024 The Author(s). Published by the Royal Society of Chemistry
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= 200 ms), or (ii) under 1064 nm laser irradiation and 1320 LPF (1000 ms exposure time). (D) NIR-1I and NIR-Ila imaging of U87 glioma tumors with
5H5-PEGg—cRGDy, captured under 808 nm laser irradiation and 1000 and 1320 nm LPF (exposure time = 100 ms). (E) T/NT of images obtained of
the mice bearing the tumor after injection of SH5—PEGg—cRGDy¢ at multiple time intervals. (F and G) Ex vivo fluorescence signals of various tissues/
organs after injection of 5SH5-PEGg—cRGDy into the tumor-bearing mice at 24 h. Images were obtained under 1064 nm laser irradiation with 1320

LPF (exposure time = 500 ms). Adapted with permission from ref. 86. Copyright © 2019, American Chemical Society.

small molecule dyes within a polymer matrix to produce water-
soluble nanoparticles, due to SPs’ large molecular weight and
poor water solubility, encapsulating SPs with amphiphilic
copolymers has emerged as a logical approach to create water
dispersible semiconducting polymer nanoparticles (Pdots) for
biological applications.®” Consequently, these probes predomi-
nantly exist on the nanoscale, proving advantageous for tumor
imaging due to the EPR effect. However, SPs typically exhibit
lower NIR-II fluorescence quantum yields compared to small
molecule dyes, limiting their application potential. Hence,
there is a pressing need to enhance the quantum yield of SPs to
unlock their full capabilities in future biomedical endeavours.*®

Moving forward, advancements in imaging performance,
particularly in terms of spatial and temporal resolution, as
well as penetration depth, can be further improved by employ-
ing fluorophores capable of emitting beyond the NIR-IIa
region. Hence, the advancement of organic fluorophores with
extended emission wavelengths, such as those reaching into
the NIR-IIb (1500-1700 nm) and NIR-III (2080-2340 nm)
regions, presents a promising avenue for exploration in future

© 2024 The Author(s). Published by the Royal Society of Chemistry

research endeavors. However, current limitations in the photo-
response of conventional InGaAs detectors restrict optical
imaging beyond 1700 nm. Consequently, the NIR-II window is
currently delineated as not exceeding beyond 1700 nm,
thereby limiting the emission capability of fluorescent dyes
beyond this range.>”> As we advance into the NIR-IIb/III region,
the absorption of light by water becomes a critical consider-
ation. Enhancing the image quality requires the development
of NIR-IIb/III emitting dyes with high brightness to withstand
attenuation by water.>®> The increased water absorption around
1450 nm in the NIR-IIb region can enhance fluorescence
image contrast by selectively attenuating photons with longer
path lengths through tissue, including multiple scattered
photons and fluorescence from deep background structures,
which contribute to noise while preserving ballistic photons
that form the image.>® Some research studies have demon-
strated high-contrast fluorescence imaging by harnessing the
brightness of the tail emission in the NIR-IIb window, but
probes with emission maxima in this window have not yet
been reported.'*”'*® At present, the in vivo fluorescence
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imaging experiments beyond 1700 nm are limited due to the
lack of suitable imaging probes and commercially available IR
detectors. We eagerly anticipate the future emergence of novel
fluorophores, such as long-wavelength-emitting Pdots, and
highly efficient detection techniques, like the extended InGaAs
camera.”® Despite this, there are currently no NIR-ITa/IIb/III
fluorophores approved by the FDA for clinical use. Moreover,
with better results in terms of spatiotemporal resolution and
tissue penetration depth compared to the FDA-approved ICG-
based NIR-I imaging, undoubtedly, significant efforts are
required to completely introduce NIR-II imaging technology
into clinical settings.>®

6. Conclusion

In conclusion, the utilization of NIR-IIa fluorescent polymer
dots (Pdots) for deep-tissue biomedical imaging presents a
compelling avenue for advancing real-time bioimaging and
facilitating future image-guided surgery. This promise is
underpinned by their remarkable SBR, attributed to reduced
light scattering, tissue absorption, and minimal autofluores-
cence. Notably, Pdots exhibit superior fluorescence brightness,
exceptional biocompatibility, stability, and facile functionali-
zation, rendering them indispensable across a spectrum of
in vivo bioimaging applications. This review systematically
delineates recent advancements in engineering and designing

770 | RSC Appl. Polym., 2024, 2, 749-774

various classes of NIR-IIa organic fluorophores, with a particu-
lar emphasis on prevalent molecular frameworks such as D-A
and polymethine. Key strategies for redshifting emission wave-
lengths while preserving high brightness encompass the incor-
poration of stronger donors and/or acceptors, extension of con-
jugation systems, formation of J-aggregates, and introduction
of bulky counter-ions. However, the pervasive challenge of
“quenching” presents a fundamental hurdle to achieving
brighter Pdots. Effective strategies discussed include the inte-
gration of bulky shielding units, anti-aggregation caused by
ACQ units, or adding AIE units into the molecular framework
backbones or side chains. Besides, research findings have
revealed that small molecule dyes offer promise for clinical
translation due to potential renal clearance, despite complex
synthesis procedures. Conversely, SPs boast easier synthesis
and superior photostability but face challenges regarding
quantum yield and water solubility. Encapsulating SPs with
amphiphilic copolymers to form Pdots addresses solubility
issues but requires improvements in quantum yield by consid-
ering effective molecular engineering strategies as discussed
earlier for broader biomedical applications. Looking ahead,
while organic materials have gained extensive utilization in
laboratory environments, their translation into clinical appli-
cations remains constrained. Addressing extant challenges is
imperative to facilitate their seamless integration into clinical
practice. Therefore, there is an urgent need to develop novel
organic molecules capable of circumventing these impedi-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ments, thereby unlocking their full potential in clinical set-
tings. By overcoming these barriers, the field stands poised to
in deep-tissue biomedical
imaging, ultimately enhancing diagnostic accuracy and thera-

realize transformative strides

peutic interventions.
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