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Three quadrupolar fluorene-based dyes differing only by non-
conjugated substituents form fluorescent organic nanoparticles
(dFONSs) with tunable emission from blue to yellow. A spirocyclic
central substituent induces a marked red-shift via altered packing.
When internalized into cells, dFONs evolve showing a characteristic
blue-shift, enabling fluorescence-based monitoring of nanoparticle
integrity and bioimaging performance.

Bioimaging applications require probes that not only emit
brightly but also report on their physical and chemical state in
complex environments. Conventional fluorescent nanoparticles
(NPs) — whether inorganic quantum dots or dye-doped polymer/
silica NPs - are designed for stability."”> However, in the case of
NPs based on supramolecular organization, such as micelles or
aggregates, assessing if their structural integrity is retained
within cells is trickier. Monitoring such nanoparticle disassem-
bly usually requires multi-dye strategies or labelling approaches,
which complicate synthesis and interpretation.’®

Fluorescent organic nanoparticles (FONs), and in particular dye-
based FONs (dFONs) obtained by nanoprecipitation of dedicated
n-conjugated dyes, provide a promising alternative.”® The spectral
properties of dFONs are highly sensitive to the packing of the dye
building blocks. Moreover, the fluorescence emission of dFONs
made from polar and polarizable dyes is inherently sensitive to
changes in the local environment, and supramolecular
organization.’ This makes dFONs ideal candidates for developing
self-reporting nanoprobes whose spectral response directly reflects
their aggregation state.

Here, we report a family of quadrupolar dyes differing only in
their non-conjugated substituents on a fluorene core, which form
self-stabilized organic nanoparticles with distinct packing geome-
tries and emission colours. The resulting dFONs display strong
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structure-dependent spectral signatures — from blue to yellow emis-
sion - originating from different degrees of excitonic coupling
features. When internalized by eukaryotic cells, the dFONs with
strong excitonic coupling undergo a characteristic blue-shift in their
emission, indicating a change in packing and environment of the
constituting dyes. This demonstrates that fluorescence can serve as a
direct optical readout of nanoparticle integrity, without requiring
additional labelling or ratiometric design.

Three original quadrupolar dyes dye-nC, dye-nC, and dye-spiC,
(Fig. 1a) with identical m-conjugated systems were synthesized
through a three- or four step synthesis. They possess a common
conjugated part, constituting an electron-donating fluorene core,
flanked by two thienyl moieties conjugated with two electron-
withdrawing amide end-groups. The dyes differ only in the nature
of the alkyl pending substituents in the fluorene core, with dye-nCy
bearing two nonyl chains, dye-nC, two butyl chains and dye-spiC, a
spiro cycle (resulting in a spirofluorene core). The dyes are synthe-
sized via a Pd-catalyzed Suzuki-Miyaura cross-coupling’®"* between
home-made 2,7-diiodospiro[alkyl-9,9-fluorene] (Scheme S1) and com-
mercially available 5-carboxythiophene-2-boronic acid pinacol ester
to introduce a conjugated carboxylic acid function (Scheme S2). The
di-acid is then activated (Scheme S3) and reacted with benzylamine
(Schemes S4 and S5) to yield the purified desired dyes with overall
yields of 12%, 9% and 29% respectively for dye-nCy, dye-nC, and dye-
spiC, (*H and "*C NMR spectra provided in Fig. S2-54).

The photophysical properties of the three dyes dye-nCs, dye-nC,
and dye-spiC, were first examined in THF (Table 1 and Table S2).
Considering their identical conjugated systems, all three dyes share
similar properties in solution; an absorption band peaking at
373 nm associated with a molar absorption coefficient ¢™* at ca.
68 x 10° M ' em " and a fluorescence emission maximum of ca.
408 nm, associated with a fluorescence quantum yield @ of ca. 0.70
and a fluorescence lifetime 7 of 0.9 ns. The e-normalized absorption
spectra and normalized emission spectra of the dyes in THF are
represented in grey in Fig. 1c and the solvatochromism of the dyes is
depicted in Fig. S5: the three dyes exhibit no dependence of the
absorption and emission spectra on solvent polarity, while the well-
defined vibronic structures of the emission spectra indicates low
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Fig. 1 (a) Molecular structures of blue-emitting fluorophores dye-nCs, dye-
nC4 and dye-spiC,4. The grey arrows symbolize the preparation of dFONs from
the dyes through nanoprecipitation in water (Fig. S1). (b) Schematic representa-
tion of dFONs and their emission colour. (c) Molar absorption coefficient (full
lines) and normalized emission spectra upon excitation at 370 nm (dashed
lines) of dye-nCs, dye-nC,, and dye-spiC,4 in THF (grey) and of dFON(dye-nCy),
dFON(dye-nC,4), and dFON(dye-spiC,) in water (blue). (d) Fluorescence decays
upon excitation at 370 nm of dye-nCy, dye-nC,4 and dye-spiC, in THF (grey) and
of dFON(dye-nCo), dFON(dye:nC,) and dFON(dye-spiC,4) in water (blue) at
450 nm or at 590 nm (yellow), measured using time-correlated single photon
counting. Fitted fluorescence lifetimes in caption.

interaction of the excited state with the solvent. This indicates that
no symmetry-breaking occurs in the excited state.

The three dFONs were prepared from these three dyes using the
nanoprecipitation method (Fig. S1): a 0.5 mM stock solution of dye
in THF:DMSO (9:1) was added dropwise to a large volume of
distilled water under magnetic stirring, such that the final propor-
tion of organic solvent did not surpass 1%. This process yielded
colourless and non-turbid colloidal dispersions of dFONSs.

The photophysical properties of the resulting nanoparticles
dFON(dye-nCy), dFON(dye-nC,) and dFON(dye-spiC,) were then
investigated (Table 1 and Table S2). The normalized absorption and
emission spectra of the dFONSs are represented in blue in Fig. 1c (full
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normalized spectra in Fig. S5). While the absorption spectra of
dFON(dye-nCq) and dFON(dye-nC,) are quite similar to their mole-
cular counterparts in THF, dFON(dye-spiC,) presents a 10 nm
hypsochromic shift. Additionally, the molecular ¢ of dyes as building
blocks of dFON(dye-nC,) and dFON(dye-nC,) was ca. 30% lower than
that of the dyes in THF, while that for dFON(dye-spiC,) was 50%
lower. This hypochromic effect, along with the slight broadening
(Fig. 1c and Fig. S5) of the absorption band were reported before in
closely related systems®?* and were attributed to excitonic
splitting.">'® The most striking differences by far are found in the
dFONs emissive properties. Compared to the molecular dyes in
solution, all dFONs display a broadened and bathochromically
shifted emission, with a loss of vibronic structure (Fig. 1c and
Table 1). dFON(dye-nCy) and dFON(dye-nC,) emission spectra are
not identical but close, with an emission at 475 nm and 481 nm,
respectively. The spectral shape of dFON(dye-nC,) is slightly broader
and displays a small additional shoulder around 540 nm. These
observed changes in the shape, position, and intensity of the
emission spectrum are a common occurrence in dFONs, due to
intermolecular interactions. In addition, the fluorescence quantum
yields (@g) of dFON(dye-nCs) (g = 0.23) and dFON(dye-nC,) (Pg =
0.15) are lower than that of the dyes in THF solutions. This trend
arises from two key factors: a slight reduction in the radiative rate
constant (k) in relation to the interchromophoric interactions within
the aggregated dFONSs, and a marked increase in the non-radiative
rate constant (k) (Table 1 and Fig. S6), which might be ascribed to
vibrational deactivation due to water molecules in close proximity to
the surface of the nanoparticle.” We also stress that the fluorescence
emission of crystals of dye-nCy and dye-nC, does not overlap with the
corresponding dFONs spectra (Fig. S8), suggesting the amorphous
nature of these molecular aggregates.

In comparison, dFON(dye-spiC,) emissive properties are strikingly
different: the spectrum comprises a main band at 569 nm, and a
minor band (about 15% of the main band in height) at 466 nm,
resembling that of dFON(dye-nCo) and dFON(dye-nC,). Concomi-
tantly, the fluorescence quantum yield is drastically reduced, down
to 0.03, and the fluorescence lifetime is significantly increased to
4.8 ns at 590 nm (Fig. 1d and Fig. S6, S7). We attribute this new band
in the yellow region to strong excitonic coupling,'®'® which stabilizes
a low-energy emissive state, thus reducing &, and enhancing k,, and
resulting in reduced brightness. The fact that only dFON(dye-spiC,)
exhibit this band indicates that the rigid nature of the spiro

Table 1 Photophysical and structural properties of the three dyes in THF and of the associated dFONs in water, at 20 °C

2 max a max b

c max d f g h i

Aabs » & ) A,,, }“em ) Tamps kry knry By,
Sample Solvent (nm) (x10°M 'em™) (em™!) (nm) [ (ns) (ns™) (ns™)  (x10°M 'em ' nm?)
dye-nCy THF 373 69 £ 8 2300 408 0.72 + 0.02 0.9 0.8 0.3 35
dFON(dye-nCy) H,O 374 48 £ 8 5685 475 0.23 £0.01 0.5 0.5 1.5 8
dye-nCy THF 373 66 £ 2 2360 409 0.65 + 0.03 0.9 0.7 0.4 36
dFON(dye-nC,) H,0 370 44 + 2 6237 481 0.15 + 0.01 0.4 0.4 2.1 6
dye-spiC, THF 372 68 £+ 2 2372 408 0.70 £ 0.03 0.9 0.8 0.3 44
dFON(dye-spiC,) H,O 362 34£2 10050 569 (466) 0.03 = 0.01 0.1/4.8* 0.1/0.01* 10/0.2* 0.9

A more comprehensive version of this table is provided in the SI (Table S1).“ Absorption maximum wavelength. ° Molar absorption coefficient of

max
‘tabs

the dyes at

(in solution in THF or as dFONs subunits), measured from three differently prepared solutions and subsequent dilutions (error

bars correspond to the standard deviation on all points). ¢ Stokes shift. ¢ Emission maximum wavelength. ¢ Relative fluorescence quantum yield.

f Amplitude-averaged fluorescence lifetime, using Zexe = 370 nm and Aey, = 450 nm, except for (*): em = 590 nm. ¢ Radiative rate constant. ""Non-

radiative rate constant. * Brightness per volume. All steady-state fluorescence emission spectra were recorded using Aex. = 370 nm.
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substituent and its small size play a crucial role, by strongly affecting
molecular packing within dFONs. This showcases the importance of
the nature of the substituents in dye design for dFONs.”*’

For comparison, a dye bearing the same spiro substituent but
with benzyl-amide groups replaced by diethyl-imide groups (dye:
spiC4 NEt, (6), Scheme S6, Fig. S5-S7 and Tables S1, S2)'* exhibits
only a weak red shoulder in its emission. In addition, the crystal
structures of dye-spiC, and dye-spiCo (Fig. S11, S12 and Tables S3,
S4) indicate that the benzyl-amide groups could play a role in the
molecular arrangement of the dyes. This suggests that, beyond the
spiro unit promoting closer dye proximity compared to extended
alkyl chains, the benzyl-amide groups at the dye termini may also
modulate the spatial organization of the dyes within dFONS,
thereby influencing their optical properties. The effective Stokes
Shift of dAFON(dye-spiC,) is huge compared to that of dFON(dye-nCq)
and dFON(dye-nCy) (10 x 10° cm™ ' compared to 6 x 10° cm ™).

The morphological characteristics of dFONs were investigated
using transmission electron microscopy (TEM), as illustrated in
Fig. 2 and Fig. S9. dFON(dye-nCy) and dFON(dye-nC,) appeared as
spherical nanoparticles with mean diameters of 35-40 nm.
dFON(dye-spiC,) were found to exhibit polymorphism, with one
population of spherical nanoparticles, averaging ca. 35 nm in
diameter and a second population of “rod-like” particles, measur-
ing roughly 20 nm in width and from 20 up to 150 nm in length.

The average number of dyes per nanoparticles (N, eqn (S1)) is
derived from the dFONs dry diameter. The theoretical brightness
(B, eqn (S4), Table S1 and Fig. S10) and brightness per volume
(By, eqn (S5), Table 1) of the NPs are then calculated. While
dFON(dye-nC,) and dFON(dye-nC,) have a similar brightness around
2 x 10° M~ em ™", the brightness of dFON(dye-spiC,) is ten times
lower (2 x 10’ M ' cm™ ). This resulted in brightnesses per volume
around 7 x 10> M~ ' em™! nm™? for dFON(dye-nCs) and dFON(dye-
nCy) and 0.9 x 10 M~ em ™" nm > for dFON(dye-spiC,). The By of
dFONs containing dyes with alkyl chains is approximately ten times
higher than that of PMMA nanoparticles doped with blue-emitting
cyanine (By=7 x 10° M ' ecm ™" nm ™) for NPs of comparable size.*’
In contrast, dFON(dye-spiC,) exhibit a 100-fold higher overall bright-
ness compared to QD540 (B =1.7 x 10> M~ ' ecm™"),*" while showing
a similar brightness per unit volume (Bygpsso =15 X 10°M ' cm ™"
nm®), which can be attributed to the smaller size of bare QDs.

Finally, before using these nanoparticles in biological applica-
tions, their colloidal stabilities in different media (water or cell
culture medium) were evaluated (Fig. S13). Over 24 hours, neither a
change in absorbance nor setting was observed. This confirms the
good colloidal stability of the dFONs in such conditions and
supports their potential use in cell culture medium. In addition,
the emissive properties of the dFON(dye-spiC,) were evaluated in
supplemented cell culture media (DMEM + FBS) (Fig. S14). Overall
the emissive spectra remain the same, but a decrease of the band at
570 nm and an increase of the band at 466 nm is observed.

dFON(dye-spiC,) were then evaluated as bioimaging probes in
fluorescence microscopy experiments on HEK and COS-7 cells
(Fig. 3 and Fig. S15, S16). First, the JFONs were incubated with
HEK cells in DMEM supplemented with 10% FBS. Live, wash-
free imaging was then conducted over one hour to monitor the
intracellular fate of the nanoparticles. Under these conditions,

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (a) Transmission electron microscopy images of dFON(dye-nCo),

dFON(dye-nC,4) and dFON(dye-spiC,), negatively stained using uranyl acetate.
Scale bar: 200 nm; (b) size distribution of dFONSs dry diameters measured from
TEM images. Caption: resulting mean dry diameters of dFONs (Dtgm) and
number of measured particles (N). Note that for dFONs(dye-spiC4), only
spherical nanoparticles were counted for the size distribution.

#1 EdFONSs in cells
—dFONs in DMEM with FBS
Dye in DMSO

Wavelength (nm)

Fig. 3 (a) Fluorescence microscopy images of dFON(dye-spiC,) at 5 nM in live
HEK cells in DMEM + 10%FBS cell-culture medium (incubation time = 54 min.).
Scale bar: 50 pm. Jexe = 405 nm, Aem = 415-500 nm. (b) Raw in cellulo
emission spectra of dFON(dye-spiC,) within the cells (blue), overlayed on the
corresponding normalized emission spectra of dFONs in DMEM with FBS (10%,
black) and of the dye in solution in dimethylsulfoxide (DMSO, grey).

only the dFONs that had entered or were concentrated inside the
cells could be detected, whereas dispersed nanoparticles in the
culture medium remained below the detection threshold.

After approximately one hour, the dFONs accumulated
inside the cells and displayed an emission band with a max-
imum around 460 nm (Fig. 3). This emission does not overlap
with that of the dFONs in DMEM + FBS, nor with that of the
isolated dye-spiC, in a polar solvent such as DMSO. Instead, it
closely resembles the emission of dFON(dye-nC,) or dFON(dye-
nCy). To further investigate this unexpected behaviour, the
intracellular accumulation of dFON(dye-spiC,) was monitored
at ca. 30, 40, 50 and 90 min (Fig. S15). Remarkably, the
nanoparticles entered the cells rapidly, within ca. 30 min, and
continued to accumulate over the full duration of the experi-
ment. Concomitantly, the fluorescence emission of dFON(dye-
spiC,) underwent a pronounced hypsochromic shift.

We hypothesize that upon cell internalization, the dFONs
undergo a structural reorganization within the cellular environment
while remaining in an aggregate state. Such a reorganization would
account for the loss of excitonic coupling signatures, while main-
taining an emission profile characteristic of aggregated dyes rather
than isolated chromophores.

To assess whether this behavior was cell-line dependent, we also
incubated dFON(dye-spiC,) with COS-7 cells and imaged them after
2 h (Fig. S16). Strikingly, the fluorescence signal was again centered
around 450 nm and the excitonic coupling signature was lost. These
observations indicate that the JFONs exhibit the same intracellular
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behavior regardless of the cell line investigated (fibroblast or
embryonic).

Our study demonstrates that a single substituent modification on
a dye can drastically alter its solid-state properties, leading in our
case to a pronounced red-shift in emission. This unique spectral
signature provides an efficient means to monitor the aggregation
state of fluorophores within nanoparticles without the need for
mixed-dye systems — an important asset for applications such as
biosensing or drug-delivery, where controlling nanoparticle beha-
viour is essential. In living cells, dFON(dye-spiC,) displays a markedly
broadened and blue-shifted emission compared to dFONs in aqu-
eous suspension, a behaviour that indicates a loss of excitonic
coupling promoted either by the dissociation of the nanoaggregates
(as previously observed for other dFONs?) or by reorganization of the
dyes within the assemblies. What makes this system truly innovative
is its reliance on a single dye component, which—despite its
simplicity—achieves dramatic fluorescence signal modulation in
cells. This modulation is driven entirely by the dynamic reorganiza-
tion of the dyes within the nanoparticle, rather than the conventional
“offfon” mechanisms seen in most systems (where fluorescence is
quenched in aggregated states and only recovers upon nanoparticle
dissolution in biological media)*> or solvatochromic effects, where
the dissolution of the nanoparticles is followed by a change in the
fluorescence signal.”® Importantly, the optical tuning is achieved
here while preserving the nanoparticle features associated with high
brightness. Such sensitivity to the cellular environment, combined
with distinct staining profiles across cell lines, highlights that the
nature of the dye substituents has a strong influence on the cellular
fate of dFONs (as already demonstrated for other systems®>*) and
further supports their potential for controlled sensing’* and drug-
delivery applications.>
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