Open Access Article. Published on 18 February 2025. Downloaded on 6/16/2026 11:25:43 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

W) Check for updates ‘

Cite this: Chem. Commun., 2025,
61, 4820

Received 6th October 2024,
Accepted 14th February 2025

Hubert Piwonski,
Luigi Cavallo,

DOI: 10.1039/d4cc05248)

rsc.li/chemcomm

3,6-Dimethylamino fluorenone was functionalized with substitu-
ents to achieve an absorption maximum at 1012 nm and emission
>1300 nm. TD-DFT calculations confirmed that the substituent
orbitals contribute to narrowing the HOMO-LUMO energy gap.
Imaging with an InGaAs-based SWIR camera and various longpass
filters confirmed detection >1300 nm.

Fluorescence-based imaging techniques (fluorescence reflec-
tance imaging FRI, and fluorescence molecular tomography
FMT) have revolutionized non-invasive bioimaging of living
subjects,’ including the movement of biomolecules, the fate
of drug molecules,” and the detection of metabolites as well as
short-lived species. FRI and FMT imaging have primarily been
used in the wavelengths of near infrared (NIR, i.e., absorption
and emission, aps/Agm, 650-900 nm). This has been motivated
by improved penetration depth of NIR light compared to the
visible part of the spectrum.® However, contrast and resolution
in tissue improves significantly with increasing wavelengths
beyond 1000 nm. Furthermore, longer wavelengths are advan-
tageous due to their reduced phototoxicity, lower photon
scattering and inherently low tissue autofluorescence, thus
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demonstrating huge potential for safe and effective in vivo
imaging. Consequently, imaging techniques utilizing wave-
lengths in the shortwave infrared (SWIR, 1000-2000 nm) are
being explored to enhance deep tissue imaging capabilities for
clinical applications.*”® The properties of the applied fluoro-
phores are critical in determining the imaging outcomes,
prompting the development of various materials for use in
SWIR imaging.” To date, studies have investigated inorganic®’
and organic nanomaterials,'® semiconducting polymers"' and
recently also small-molecule organic dyes.>™">

Among the organic dyes, indocyanine green (ICG) is an FDA
approved chromophore with A,p¢/Agm in the NIR-range. Due to its tail
emission in the SWIR window, ICG has gained significant attention
for SWIR imaging.'® ICG analogues, such as IRDye800CW and IR-
12N3, have also been extensively studied."” ™™ Inspired by these
results, other cyanines have been engineered to obtain SWIR emis-
sions. For instance, indolenines in polymethine have been modified
with electron-rich donors, such as dimethyl-flavylium (Flav 7),*° or
rigid thiopyrylium heterocycles (5H5).>" Additionally, introducing an
aryl fused indole into the polymethine structure has led to the
development of highly n-conjugated dyes, such as FD-1080, which
exhibit efficient SWIR absorption/emission.”> Donor-acceptor—
donor dyads with bulky donors or strong acceptors, exemplified by
CH-1055> and its variants,”*** have also been explored. However,
these modifications often significantly impact biocompatibility and
aqueous solubility, necessitating the identification of novel cores
that exhibit the properties required for bioimaging applications.

The xanthene core (thodamine, Rdn) has garnered signifi-
cant attention over the past decade due to its favourable
properties for bioimaging. By substituting the bridging C10-
oxygen in xanthene with various elements or modifying the
amine donors, absorption (4,,s) and emission (Agm,) have been
redshifted, though predominantly remain below 800 nm.>
Recently, the introduction of an electron-withdrawing C—0
group has shifted absorption to 860 nm and emission above
1000 nm by affecting the orbital energy levels.”> The bis-benzan-
nulation (naphthalene embedded) to Rdn with a silicon at the core
has been reported, that exhibited A, >860 and /gy > 900 nm.>”

This journal is © The Royal Society of Chemistry 2025
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Another notable development is the complete removal of the
oxygen atom in rhodamine, resulting in altered optical properties
(e.g., a hybrid of fluorene-thodamine core, FluRdn core)."?

We have also been interested in preparing novel chromo-
phores suitable for bioimaging applications.?® In our efforts to
develop SWIR emitting cores, we aimed to influence the elec-
tronic properties of the 3,6-dimethylamino fluorenone core
through its C9-position to induce changes in optical properties.
Here we report the synthesis of a new small molecule dye with a
molecular weight of 381 Da, which exhibited absorption and
emission maxima at 1012 nm and 1100 nm, respectively. Using
a SWIR InGaAs camera-based imaging system and longpass
filters, we detected fluorescence above 1300 and 1400 nm,
confirming that the favourable design of extending =-
conjugation can be used to redshift the emission.

To identify substituents that influence the optical properties, we
adopted a building block approach, enabling C9 modifications at
the final stage on the central building block, 3,6-dimethylamino
fluorenone (5, Scheme 1). The core 5 was synthesized through a
multi-step reaction sequence (see ESIt). To introduce different
groups at the C9-position, we explored substitution with aryl-metal
reagents prepared via metal-halogen exchange reactions using
either BuLi or Mg (Grignard). Alongside 2-methylphenyl (6) as a
reference, we utilized an electron-rich p-methoxyphenyl (7), its
extended conjugation version with an alkyne (9), and a lactone
forming 2-carboxylic phenyl (8) as well as an electron-poor 3,
5-bis(trifluoromethyl)phenyl. The pre-prepared reagents (6-8) were
added under low-temperature conditions to 5. After 1 h of stirring,
the reactions mixture was quenched, yielding the corresponding
fluoren-9-ol products with over 85% yield. These were conveniently
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Scheme 1 Synthesis of SWIR dyes in a building block approach from 3,
6-dimethylamino fluorenone (5). (a) (i) In THF, <—20 °C, warmed to 0 °C;
(ii) TFA'in CDCls at r.t. to 40 °C. (b) In THF, <—78 °C, (ii) TFAin CDClz at r.t.
to 40 °C.
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isolated and thoroughly characterised. Subsequent dehydration
was carried out under acidic conditions at room temperature to
obtain the corresponding dyes, 1-3, which were recrystallized in
CH,Cl,/Et,O. Product 4 was formed spontaneously iz situ from the
fluoren-9-ol intermediate. To mimic rhodamine B, diethylamino
fluorenone 5b was also employed in the Grignard reaction with
o-tolyl (6) and o-methoxyphenyl (11) substituents, and subsequent
dehydration gave 1b and 10. The obtained compounds were
characterised by 1D, 2D-NMR and mass spectrometry, confirming
their identity.

Subsequently, the optical properties of dyes 1-3 and 10 were
investigated. These dyes were dissolved in DMSO, and their
absorption was measured at concentrations ranging from
50 uM to 5 uM (see ESI,¥ Fig. S4-S6). Furthermore, the pH
dependency of absorption fluorescence emission for 1b and 10
was also measured (Fig. S7-510, ESIT), to observe quenching in
basic medium. Compound 4 was found to be stable in its
lactone form, which hampered its optical characterisation.

The FluRdn dyes 1-3 and 10 exhibited absorption, emission
in the SWIR region, and maxima above 940 nm, and 1000 nm,
respectively (see Fig. 1 and Table 1), with rather broad absorp-
tion peaks and low molar absorption coefficient (¢) ranging
from 4710 M~* ' (for 3) to 12820 M~ ' ' (for 2). An
electron donating p-methoxyphenyl substituent at the C9-
position (in 2) showed slightly stronger absorption and emis-
sion than 1, but with a blue shifted maximum. Introduction of
an alkyne in between the p-methoxyphenyl and fluorene core
(in compound 3) induced a redshift of 76 nm but resulted in a
weaker absorbance and emission compared to 2. The fluores-
cence quantum yield (¢q) of FluRdn 1b, 10 was determined as
0.005% and 0.004% (in DMSO), respectively, using IR-1060
(¢a = 0.32%) and IR-26 (¢pg = 0.048%) as references (see ESL T
Fig. S11 and S12) by the relative method.>® Despite their low
quantum yield, they are comparable to NIR-II emitting organic
dyes, which typically exhibit low ¢q values ranging from
0.001-1%.>° For comparison, a broadly explored D-A-D dyad
for SWIR imaging with a benzo-bisthiadiazole core,*'*> with
two bulky triarylamine donors, e.g.,, CH1055 exhibits absorp-
tion/emission, Aaps = 750 nm/Ag, = 1055 nm of with a ¢q
0.098% (in PBS).>* Thus, the FluRdn could be suitable as an
alternative to D-A-D dyes in studying SWIR imaging applica-
tions. In comparison to polymethine dyes, which have a much

a) Absorption spectra

b) Emission spectra
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Fig.1 (a) Absorption spectra of 1-3 in DMSO (50 uM); (b) emission
spectra from 933 to 1463 nm in DMSO of 10 uM (the dip at 1160 nm
was due to an absorption peak of DMSO). DMSO also showed Raman
peaks, and the displayed emission spectra have been corrected for this.
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Table 1 Experimentally measured optical properties
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SWIR emission quantification

AEm Stokes ¢ Quantum
Aabs max shift Mt yield
Compd. (2nd band max, nm) (nm) (nm) em ) (¢n)
la 954 1026 72 9156 na
1b 965 1035 70 7802 0.005%
2 934 1004 70 12 820 na
10 974 1038 62 8425 0.004%
3 1012 1100 88 4710 na

higher cross-section and consequently higher brightness, these
new dyes are much smaller and could potentially be the core for
newly developed cell penetrating SWIR probes comparable to
other probes with the rhodamine scaffold.

To characterise the imaging performance of the FluRdn
core, we explored SWIR imaging using the Kaer Imaging System
(KIS from Kaer Labs, Nantes). The KIS system uses a 980 nm
laser (also equipped with an 808 nm laser) for excitation and an
InGaAs camera for collecting the emitted photons up to
1700 nm, with different longpass (LP) filters ranging from
1050 to 1500 nm to filter the emissions in those wavelengths.
The system uses a method to subtract the background (without
laser excitation) from the observed SWIR fluorescence and
overlays it with a white LED reflectance image for visualization
in real-time (Fig. S1 and S3, ESIt). Upon using an LP filter of
1050 nm (collecting emitted photons between 1050-1700 nm),
dyes 1 and 2 exhibited a signal-to-background-ratio (SBR) of
>16 in SWIR imaging (see Fig. S2, ESI}). Dye 1 produced a
slightly higher SBR, while dye 2 exhibits a little lower SBR,
probably due to the 980 nm laser excitation where 2 has a lower
absorbance (&), resulting in fewer emitted photons and yielding
a lower SBR. To our surprise, dye 3 performed well in SBR,
despite its weak absorption and emission.

Then, we performed SWIR camera-based fluorescent ima-
ging of the solutions with three additional LP filters (1200, 1300
and 1400 nm) using 980 nm laser excitation (Fig. 2). Changing
the LP filter to capture longer wavelength photons markedly
increased the imaging performance. Although the total number
of collected photons (signal density) decreased with increasing
LP filter cut-off, the SBR increased slightly for the 1200 nm LP
while a drop was observed for 1300 nm and 1400 nm LP. To
capture emission >1400 nm, the exposure time had to be
adjusted to 2 s. This highlights the usefulness of the FluRdn
core for detection in >1300 nm imaging.

To understand the observed optical data in relation to the
electronic nature of the substituents, time-dependent density
functional theory (TD-DFT) calculations were performed using
the PBE0* functional and def2-TZVPP** basis sets on the
optimized geometries at the wB97xD/def2-TZVP level of
theory.®> The Gaussian 16 software® was used for geometry
optimizations and TD-DFT calculations. The solvent effects
using the program implicitly embedded dielectric constant
(DMSO: 46.826, water: 78.3553) were evaluated, by a self-
consistent reaction field (SCRF) approach using the SMD
continuum solvation model®” for geometry optimization and
TD-DFT calculations.®® The calculated Apm. (1: 745 nm, 2:
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Fig. 2 Quantification of the SWIR fluorescence signal with four LP filters

(collected emission was from LP cut-off to 1700 nm, exposure time. 1 s for
up to 1300 and LP 1400 nm: 2 s) of the three dyes.

731 nm, 3: 793 nm) was underestimated by up to 200 nm in
both the solvents, compared to the experimental data (see
Fig. S13, ESIY), including the Rdn (caled Apa: 467 nm) dye.
The TD-DFT predicted oscillator strengths and molar absorp-
tion in the SWIR region are similar to all the FluRdn dyes
(Fig. S13 and Table S1, in ESIf). However, the influence of
C9-substituents on the orbital levels is clearly observed (Fig. 3).

In the geometries of 1-3, the highest occupied molecular
orbitals (HOMOs) were mainly localized on the fluorene core.
The observed negligible difference in HOMO energy levels
(AEgomo < =£0.01 eV) confirms this conclusion. Among the
lowest unoccupied molecular orbitals (LUMOSs), it was mainly
localized at the fluorene in 1 and 2, but not in 3. A contribution
of ethynyl orbitals on the LUMO (but not the substituent
p-methoxy phenyl effect) could be seen in 3, indicating that the
C9-conjugation influences the observed optical properties. The
effect of the ethynyl group in 3 on energy levels could also be seen
qualitatively in the narrowing energy gap (Eqap = 4.9 vs. 5.15 eV for
2), that was reflected in a redshift of 78 nm. This confirms that the

TD DFT estimate in H,0 / DMSO
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Fig.3 The frontier molecular orbitals (HOMO/LUMO; isosurface =
0.05 a.u.) with energies (in eV, in H,O/DMSO) associated to the Amax are
presented. The effect of the C-9 substituent on the HOMO/LUMO energy
levels of the three FluRdn dyes (1-3), along with rhodamine (Rdn), is
analysed to understand its influence.®

This journal is © The Royal Society of Chemistry 2025
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C9-substituent could be used for further fine-tuning of the optical
properties. This is in contrast to Rdn, in which both the HOMO
and LUMO are localized in the xanthene core.

In conclusion, we have demonstrated the fine-tuning of the
optical properties of FluRdn, its potential for SWIR imaging applica-
tions, and the use of TDDFT calculations to explore the electronic
effects on these properties. This study highlights the potential of
substituting conjugatable groups at the C9-position to achieve red-
shifted emissions. As SWIR imaging becomes increasingly important
in real-time visualization of blood vessels, lymphatics, angiography,
and tumour resection, the limitations of current probes underscore
the need for novel SWIR agents with less non-specific binding,
efficient extra vascularization and fast clearance. The FluRdn core
presented here shows significant promise due to its small size and
hydrophilicity, making it suitable for further development. Further-
more, the introduction of other substituents at peripheral positions,
and fusing of electron-rich amine donors, embedding julolidine into
the FluRdn core, creates interesting scaffolds, which could also be
fine-tuned with the methods discussed here in refining optical
properties, which is currently ongoing in our laboratories.
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