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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
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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-
sive interplay between chemical structures, photophysical properties, and their application in deep-tissue

Open Access Article. Published on 10 2024. Downloaded on 04.10.25 01:02:59.

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

(cc)

rsc.li/rscapplpolym imaging.

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

“Department of Materials Science and Engineering, National Yang Ming Chiao Tung
University, Hsinchu, 30050 Taiwan. E-mail: richardsonlawrance.chemie@gmail.com,
linhc@nycu.edu.tw

bDepartment of Applied Chemistry, National Yang Ming Chiao Tung University,
Hsinchu, 30050 Taiwan. E-mail: yhchan@nycu.edu.tw

“Center for Emergent Functional Matter Science,

National Yang Ming Chiao Tung University, Hsinchu, 30050 Taiwan

Department of Medicinal and Applied Chemistry, Kaohsiung Medical University,
Kaohsiung, 80708 Taiwan

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

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
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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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Fig. 4 Donor modification for NIR-Ila emission with a TTQ acceptor core; molecular structures and the absorption and emission spectra of D—A-D
based semiconducting polymers are as follows: (A) BDT-TTQ, (B) TTQ-2TC, (C) DPQ, (D) PTQ, (E) PDT-TTQ. Adapted with permission from ref. 63
and 89-91 from Elsevier, copyright © 2024, American Chemical Society, copyright © 2020, John Wiley and Sons, copyright © 2021, Elsevier, copy-

right © 2021 respectively.

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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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 2024. Downloaded on 04.10.25 01:02:59.

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

(cc)

Review

View Article Online

RSC Applied Polymers

Donor modification for NIR-lla emission Donor (BBT)Acceptor

A & J o
, —N
| s s BBTD-1302
. S
p s Ad Ao, = 942/ 1302
o
n-C4Hg \n_cAHQ B -
B s » _n-CyH, c
A s Nf’N N
}—/ s " \ N
‘ NgN \
n-C4Hqg bk ‘
>I"I~C4Hg n-C4Hg ) ‘n‘CAHg n-C4Hg ) n-CoH)
T-BBT BT-BBT
Aund Ao = 982/ 1307 Awd A, = 960/ 1246

Fig. 5 Donor modification for NIR-1la emission using the BBT acceptor core with molecular structures of (A) BBTD-1302; (B) T-BBT; and (C) BT-BBT

fluorophores with their absorption and emission values.

Donor modification for NIR-lla emission

A OCHs N
o — 2
OCq;Hzs N | N — —
N & =/ [ ) 'é12H25°
-/ o
C12Hp50
SQP

Awel Ay = (7661 794)

| (Squaraine) Acceptor

| (o]
OCyoHzs N

o ‘ — i) DS O
i i n

3 L o

N < . +—/C42H250
/ o
/Cy2H250
PSQP
Mabs! Aem = (748/ 1300)

Fig. 6 Donor modification for NIR-lla emission using squaraine based acceptors with molecular structures of (A) SQP and (B) PSQP with their

absorption and emission values.

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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HC1342 showing redshifted NIR-1la emission by introducing a rigid ring into the conjugated chain.

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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