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Fluorescent dye based nanoparticles (NPs) have received increased interest due to their high brightness and
stability. In fluorescence microscopy and assays, high signal to background ratios and multiple channels of
detection are highly coveted. To this end, time-resolved imaging offers suppression of background and
temporal separation of spectrally overlapping signals. Although dye based NPs and time-resolved
imaging are widely used individually, the combination of the two is uncommon. This is likely due to that
dye based NPs in general display shortened and non-mono-exponential lifetimes. The lower quality of
the lifetime signal from dyes in NPs is caused by aggregation caused quenching (ACQ) and energy
migration to dark states in NPs. Here, we report a solution to this problem by the use of the small-
molecule ionic isolation lattices (SMILES) concept to prevent ACQ. Additionally, incorporation of FRET
pairs of dyes locks the exciton on the FRET acceptor providing control of the fluorescence lifetime. We
demonstrate how SMILES NPs with a few percent rhodamine and diazaoxatriangulenium FRET acceptors

imbedded with a cyanine donor dye give identical emission spectra and high quantum yields but very
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Accepted 27th February 2024 ifferent fluorescence lifetimes of 3 ns an ns, respectively. The two spectrally identica s are easily
distinguished at the single particle level in fluorescence lifetime imaging. The doping approach for dye

DOI: 10.1039/d35c05496a based NPs provides predictable fluorescence lifetimes and allows for these bright imaging reagents to be
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Introduction

Nanoparticles (NPs) based on organic fluorophores and
building blocks have recently attracted growing interest as they
display a series of advantages compared to organic single
molecule fluorophores and fluorescent proteins.™* For instance,
NPs can offer very bright and stable emission compared to their
molecular counterparts. To achieve these attractive properties
in a NP small enough for bioimaging a high density of dyes
needs to be realized in the NP. While packing hundreds of
fluorophores in a small NP offers great advantages in terms of
brightness,? it also poses new challenges such as aggregation
caused quenching (ACQ) and altered photophysical properties
of the dyes due to dye-dye interactions.*® These challenges have
limited the applications of dye based NPs, and only a small
subset of the diverse photophysical properties applied in
molecular probes and labels has been transferred to bright NPs
with high dye density. One application not widely explored for
dye based NPs is fluorescence lifetime imaging (FLIM) and
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used in time-resolved imaging detection modalities.

time-resolved imaging. These techniques are gaining traction as
they offer efficient suppression of background and auto-
fluorescence, as well as temporal separation of spectrally
similar signals and multiplexing.*** In particular, lanthanide-
based emitters have shown large potential for a wide range of
time-resolved applications with their us to ms lifetimes (e.g., for
time gating or using energy transfer to other emitting
species).””™* Compared to lanthanide-based emitters, organic
fluorophores with ns lifetimes allow for a higher photon flux
(photons per time). The low abundance of organic dye based
NPs for lifetime imaging is likely due to their unpredictable
fluorescence lifetimes. The close dye-dye distances in bright
NPs with high dye density result in unwanted excited state
processes, producing fluorescence lifetimes very different from
that in solution.'® The potential of lifetime imaging using dye
based NPs has been shown by Hoffmann et al. for polystyrene
NPs with low dye loading.'”** Despite low dye loading the
fluorescence lifetime readout is still strongly affected by dye-
dye interactions.

Fluorophores with long fluorescence lifetimes (>10 ns) are
particularly interesting to complement abundant dye classes
with short ns lifetimes and because of their easy separation
from background autofluorescence.'** However, dyes with long
fluorescence lifetimes intrinsically have low molar absorption
coefficients, as dictated by the Strickler-Berg relation,” and
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thus low brightness. This limitation is difficult to bypass via
synthetic design of the fluorophore itself.>* It is therefore
favourable to combine molecular fluorophore properties in
supramolecular fluorophore assemblies. One way to design
such a supramolecular “hybrid” fluorophore was shown with
the dyad design by Kacenauskaite et al. where the covalent
combination of the highly absorbing perylene (donor) with
a triangulenium (acceptor) dye generated a bright supramolec-
ular dyad with a long fluorescence lifetime, enabling single
molecule time-gated detection.”® We envision that the same
supramolecular principle of hybrid properties generated by
combination of molecular dyes can be realized in dye based NPs
offering super-bright labels***” and markers with a broad range
of predictable fluorescence lifetimes for lifetime based imaging
and detection.

Previously, we introduced small-molecule ionic isolation
lattices (SMILES) as an approach for maintaining solution state
properties of cationic fluorophores in solid state materials such
as crystals, thin films, and nanoparticles.>®>° By introducing the
cyanostar (CS) anion receptor® (Fig. 1la) the dyes become
separated from each other by the large anion receptor complex
(Fig. 1d), thus minimizing dye-dye interactions and ACQ, while
still maintaining a very high dye density in the resulting mate-
rials. Although spectral properties, quantum yields, and
brightness are greatly improved in SMILES NPs compared to
their non-SMILES counterparts, fluorescence lifetimes are still
inhomogeneous (non-mono-exponential) and often shortened
compared to solution. This is a common trend for all dye based
NPs with high dye density.

The poor lifetime properties stem from exciton migration
(homo-FRET) between the dyes in the NPs with high density,
which increases the risk of fluorescence quenching by trap
states in the NP material. The result of this quenching is both
reduced fluorescence intensity and shortened multi-
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exponential fluorescence lifetimes. We recently studied these
effects in crystals and thin films and showed that the intro-
duction of a dopant fluorophore (FRET acceptor) into SMILES
materials solved these issues and reinstated the mono-
exponential lifetime of the acceptor (dopant) dye.*

In this work, we for the first time introduce FRET pairs in
SMILES NPs. The use of specifically chosen FRET pairs
increases the absorption and gives the possibility of modulating
the emission properties very precisely. This allows for
increasing the brightness many fold with the use of up to 50
donor dyes acting as antennas for each acceptor dye. By
selecting acceptor dyes (R12 and DAOTA, Fig. 1b) previously
shown to form SMILES with nearly identical emission spectra
but very different fluorescence lifetime,'® we can engineer the
fluorescence lifetime and obtain super bright NPs with lifetimes
of ~4 ns and 26 ns that are easily differentiable at the single
particle level in FLIM and time-gated imaging.

Results and discussion
Preparation and characterization of NPs

Five NP compositions were prepared, with three neat SMILES
NPs consisting of only the cyanine donor dye (DiOC6), or the
acceptor dyes (rhodamine, R12, and diazaoxatriangulenium,
DAOTA). These were prepared to establish the intrinsic prop-
erties of each dye in the SMILES NPs. Two doped NPs consisting
of the FRET pairs DiOC6:R12 and DiOC6:DAOTA were prepared
and optimized to achieve the best possible emission properties.

All SMILES NPs were produced following a previously re-
ported nanoprecipitation procedure.” Briefly, a precursor
solution in tetrahydrofuran (THF) was prepared with all the
components needed to form SMILES NPs, including: the
cationic dye(s) (DiOC6, R12 and DAOTA) as either PFs~ or BF,
salts, the cyanostar macrocycle (2.5 mol eq.), and a 56 wt%
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amphiphilic surface capping agent (1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-poly(ethylene glycol-2000) (DSPE-PEG)).
The precursor solution was injected into a large excess of
water under sonication to form the NPs. The doped NPs were
prepared with varying mol% of the dopant (see the ESI} for
details).

Dynamic light scattering of the NPs was carried out for both
neat and doped NPs, which showed average sizes of =17 nm
irrespective of the dye constituents. The hydrodynamic sizes are
displayed in Tables S1, S2, Fig. S1 and S2.}

Neat SMILES NPs

SMILES NPs consisting of only one type of dye have been re-
ported previously using either DiOC6 or R12.>>*° The emission
for all neat SMILES NPs displays a slight red-shift ~450 cm™*
compared to DCM solution, also observed previously. This shift
is likely due to the difference in the dielectric environment. In
the case of DiOC6, both the fluorescence quantum yield and
lifetime are increased in SMILES NPs compared to DCM solu-
tion as shown in Fig. 2a and Table S4.7 This is due to the rigid
environment in the SMILES lattice compared to solution, which
limits the non-radiative deactivation of this flexible cyanine
dye.'* However, for R12 SMILES NPs (Fig. 2b), the emission
intensity is lower and the fluorescence lifetime shows a short-
ened multi-exponential decay of 1.42 ns compared to 3.77 ns in
DCM. Similar trends have been observed previously in crystal-
line SMILES materials*® and have been assigned to trap states.
Even with a very low abundance of trap states, they can have
a substantial impact on the photophysical properties due to very
efficient energy migration in NPs with high dye density. In the
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Fig. 2 Fluorescence spectra and decays of neat NPs (red) compared
to DCM solutions (black) for (a) DIOC6 (Aex = 470 nm and Aem get = 550
nm), (b) R12 (Aex = 550 NM, Aex = 530 Nm and Aem get = 550 Nm) and (c)
DAOTA (Aex = 530 nm and Aem get = 650 nm).
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case of DAOTA SMILES NPs the lifetime is longer (25 ns) than
that in DCM (21 ns), but the fluorescence intensity is halved
(Fig. 2c and Table S41). The decay of the NP is fitted bi-
exponentially, where one of the components is significantly
shorter (12 ns) than the DAOTA lifetime in solution. This indi-
cates that, while there may be less efficient vibrational relaxa-
tion, the fluorescence is still quenched by trap states in the NP
structure. While each of the three dyes displays different
changes in decay rates between solution and SMILES NPs, it is
clear that the decays are non-mono-exponential and display
short lifetime components, in particular for DiOC6 and R12 that
have strong transition moments, thus the most efficient energy
migration.

FRET SMILES NPs

The neat SMILES NPs containing only one type of dye are
vulnerable to trap sites (as seen in the data in Fig. 2). The traps
can be of different origins, either as synthetic impurities in the
fluorophore stock, impurities present at the nanoparticle
formation or defects in the lattice order due to the rapid
formation of NPs. No matter the origin, a single trap can quench
a large number of dyes due to energy migration, as illustrated in
the state diagram in Fig. 3a. This can be seen for both neat R12
and DAOTA NPs where their fluorescence intensity is drastically

N
—— NP DiOC6 Em.
——R12 DCM Abs.
—— DAOTA DCM Abs.

0.0 T T
400 500 600
A (nm)

i T 7
700 400 500 600 700
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Fig. 3 State diagram depicting (a) NPs with trap states quenching the
fluorescence and (b) doped NPs where the excitation energy is
primarily funnelled to emissive dopant sites. (c) NP DiOC6 emission
normalised to the acceptor dye molar absorption spectra R12 (left) and
DAOTA (right). The spectral overlaps are shaded in red and purple
respectively.

Chem. Sci., 2024, 15, 5531-5538 | 5533



Chemical Science

lowered and a new short fluorescence lifetime component
appears. For the R12 NPs, this is particularly significant as
shown above (Fig. 2b). To suppress quenching from trap states,
we introduce dopant fluorophores (FRET acceptors) to the
nanoparticles. We expect that most of the excitations will be
transferred to the dopants (Fig. 3b). Since the S; states of the
dopants are lower in energy and are on average far apart, the
exciton will be transferred to and locked on a single dopant and
decay with the intrinsic radiative properties of that dopant.

To improve the brightness of the SMILES NPs we use the
highly absorbing DiOC6 fluorophore as the antenna (FRET
donor, ¢ = 143000 M~ ' em ') and introduce a redshifted dye
(R12 or DAOTA) as the dopant (absorption and emission spectra
are compared in Fig. S47). Fig. 3C shows the large spectral
overlap between DiOC6 NP emission and the absorption of
either R12 or DAOTA in DCM, normalised to the acceptor
absorption coefficient. This illustrates the different spectral
overlap integrals, which are crucial for the efficiency of energy
transfer. As the absorption coefficient of R12 is approximately 5
times larger than that of DAOTA (Table S51), rhodamine is ex-
pected to be a more efficient acceptor at lower doping
percentages than DAOTA. Previous work on crystals, powders,
and thin films has shown that a doping degree of 1-12 mol%
will yield materials with highly efficient energy transfer.

Doped NPs also allow easy tuning of the spectral properties
to fit specific needs and the combination of the most valuable
properties of several fluorophores. We chose these three dyes
specifically as a proof of concept as R12 and DAOTA have
strikingly similar emission spectra but significantly different
fluorescence lifetimes.

Optimizing doping of nanoparticles

Fig. 4a shows the absorption of SMILES DiOC6 NPs with
increasing mol% R12. The main absorption bands that can be
seen are from the cyanostar-anion complex [CS,PF¢]” at
~310 nm and DiOC6 at ~490 nm. The absorption from R12 at
560 nm is only visible at higher doping degrees (Fig. S5at) due
to the low concentration compared to DiOC6 and CS. The
fluorescence from R12, on the contrary, is very pronounced,
even at low doping degrees; this is clearly seen when comparing
neat DiOC6 NPs to NPs doped with R12 (Table 1).

Already after introduction of 1% R12, the fluorescence
quantum yield is more than doubled and the emission from the
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Fig. 4 Normalized (a) absorption and (b) emission spectra (Aex = 470
nm) of DIOC6 NPs doped with R12 ranging from 1% to 8%. The same
colour coding is used for the absorption spectra as for the emission

spectra.
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Table 1 Photophysical properties of DIiOC6 NPs doped with
increasing amounts of the R12 acceptor dye

R12% Tint,520nm Tint,650nm QY for emission
mol (ns) (ns) QY in the R12 band”
0 1.41 n.a. 0.13 n.a.

1 1.25 3.19 0.32 0.27

2 1.53 3.19 0.27 0.24

4 1.58 2.59 0.27 0.24

8 1.41 1.89 0.20 0.19

100 n.a. 1.42 n.a. 0.06”

% QY was calculated for emission in the R12 band beyond 545 nm.
b Relative QY from Table S4.

R12 dopant displays a lifetime of (r) = 3.2 ns (detected at 650
nm). Both observations agree with the dopant model (Fig. 3b),
predicting an increase in quantum yield as excitons get locked
on R12 instead of on dark trap states.

As the doping degree is increased, the emission from DiOC6
~510 nm decreases compared to emission from the R12 dopant
at ~580 nm, as shown in Fig. 4b. This indicates that more
excitation energy is transferred to the R12 dopant dyes. This
interpretation is also reflected in the quantum yield calculated
only based on the R12 band (Table 1). The fluorescence decays
detected in the DiOC6 band do not change significantly with the
doping level (Table 1 and Fig. S6CT). This suggests that residual
emission from the donor dye likely stems from particles or
regions with no acceptor dyes present, while in other particles/
regions, where there are acceptor dyes, the energy transfer is so
fast that the donor emission is not detectable within the time-
resolution of the instrument. This leads us to conclude that
the energy transfer is faster than our time-resolution (~50 ps)
and that the efficiency is not limited by the rate but by the
inhomogeneity of the NPs.

As the doping degree increases the energy transfer will be
more complete and a larger fraction of the emission will stem
from the dopant dye. However, the quantum yield and fluo-
rescence lifetime start to decrease beyond 2 mol% of the dopant
(Table 1) indicating that new pathways of quenching are
present. These could be the generation of new trap states by R12
and/or that the R12 dopants are now close enough to facilitate
energy migration between R12 sites and thus also to dark trap
states in the structure. It would be possible to achieve 100%
energy transfer from the donor to the acceptor, but this will
come at the cost of increased energy migration (homo-FRET)
between the acceptor dyes and thereby a reduced fluorescence
lifetime. The optimal quantum yield and lifetime are found
using 1-2 mol% with ¢ = 0.3 and (r) = 3.2 ns, which, compared
to the neat R12 NPs (Table S4,f ¢ = 0.06 and (r)) = 1.4 ns), is
a substantial improvement. Due to the ~6 times lower absorp-
tion coefficient of DAOTA (Table S5f), a higher doping
concentration is needed to achieve efficient energy transfer to
this dopant. Still, similar quantum yield and fluorescence life-
time trends are observed for the DiOC6:DAOTA NPs, as shown
in Fig. S61 and summarized in Table 2. In this case, the optimal
doping level is found to be 4 mol% DAOTA resulting in a NP

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Photophysical properties of DIOC6 NPs doped with
increasing amounts of the DAOTA acceptor dye

DAOTA% Tint,520nm Tint,650nm QY for emission in the
mol (ns) (ns) QY DAOTA band”

0 1.41 n.a. 0.13 n.a.

1 2.30 25.6 0.41 0.35

2 2.31 26.2 0.43 0.39

4 2.92 25.6 0.43 0.41

8 2.03 23.3 0.40 0.38

100 n.a 24.8 na.  0.34°

% QY was calculated for emission in the DAOTA band beyond 545 nm.
b Relative QY from Table S4.

with ¢ = 0.43 and t = 26 ns. For both doped NPs, a completely
mono-exponential decay is not achieved. Yet, the fluorescence
lifetime of the R12 doped NPs (~3.2 ns) is significantly
increased compared to the neat (100% mol) R12 NPs (~1.42 ns,
Table 1 and Fig. S77) and closer to the lifetime of R12 in organic
solution (3.7 ns). Such a large improvement is not seen for NPs
doped with DAOTA (~26 ns compared to neat DAOTA NPs, 24.8
ns, Table 2). This is most likely due to the moderate oscillator
strength of DAOTA that reduces the rate of homo-FRET and
energy migration in neat DAOTA SMILES NPs, and therefore
also quenching by trap states. In comparison to FRET SMILES
microcrystals, the lifetimes measured for R12 doped NPs
display a slightly shorter fluorescence lifetime (3.6 ns in crystals
to 3.2 ns in NPs). For NPs with DAOTA as an acceptor, the
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fluorescence lifetime is longer than that observed in micro-
crystalline SMILES (23.3 ns to 25.6 ns in NPs). This lifetime is
also close to the radiative lifetime of DAOTA, 27.9 ns, suggesting
that there is very low non-radiative relaxation when the exciton
is on the DAOTA dye. The two optimized FRET doped SMILES
NPs (DiOC6:R12 1 mol% and DiOC6:DAOTA 4 mol%) display
remarkably similar absorption and emission profiles but very
different fluorescence decays (Fig. 5). In this regard, the indis-
tinguishable emission spectra of the two NPs are ideal to
demonstrate applications of dye based NPs for time-resolved
imaging.

Fluorescence lifetime imaging

Fig. 6 displays FLIM images of single doped NPs without DSPE-
PEG spincoated on a glass coverslip recorded using a 561 nm
longpass optical filter to selectively detect the acceptor dye
emission. For these measurements of NPs on dry substrates, the
DSPE-PEG coating was omitted from the NP preparation. This
was to avoid the detergent mixing with (dissolving) the NP
SMILES structure as water evaporates and leaves the PEG chains
less polar and mixable with the lipophilic dye components.
While the NP sizes without coating are slightly smaller ~14 nm
(Fig. S3 and Table S3t), their optical properties remain largely
unaffected (Fig. S8t), as previously reported.” FLIM images of
the doped NPs with either R12 or DAOTA show good lifetime
homogeneity either being short ~4 ns (Fig. 6a) or long ~25 ns
(Fig. 6b). We note that the DAOTA NPs apparently show
a broader lifetime distribution than the R12 NPs (Fig. S12}). The
broad distribution could indicate a larger particle-to-particle
variation; however the percentage deviations from the mean
lifetimes of the two NPs are not that different. Nonetheless, the
DAOTA NPs exhibit significantly longer lifetimes than the R12
NPs, and we proceeded by preparing a mixture of the two types
of NPs, as shown in Fig. 6¢c. In the mixed sample, both char-
acteristic short- and long-lived NPs show up as red and blue,
respectively.

However, some NPs with an average lifetime of between 4
and 25 ns show up in yellow/green. Even though highly dilute
solutions were used to ensure single NP imaging some NPs will
likely by chance be in close vicinity to each other and result in
overlapping signals. The particles that display ~12 ns lifetime

Tav,Int (NS)
Tav,Int (ns)

, S5um

Fig. 6 Pseudocolored average intensity weighted lifetime images of doped SMILES NPs; (a) DIOC6 1% R12, (b) DIOC6 4% DAOTA, and (c)

a mixture of both NPs.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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might be due to two NPs with a short and long lifetime being too
close to be resolved spatially. Analysis of the fluorescence decays
of three different areas/spots in the image (marked by arrows in
Fig. 6¢) seems to support this hypothesis. Particle 1 and particle
3 reveal good mono-exponential decays of 3 ns and 28 ns in
agreement with cuvette measurements of R12 and DAOTA
doped NPs (Fig. S141). For particle 2, a bi-exponential fit
describes the decay best yielding two lifetimes of 8 and 24 ns
(Fig. S14Bt). The deviation of the lifetimes from -cuvette
measurements is likely due to the low photon count acquired
for each pixel in the image.

Another approach, where different lifetimes can be utilized,
is time-gating. In this case, a two-coloured image is generated

(a)

10°4 ——DIOC6 1% R12
—— DiOC6 4% DAOTA
Short gate
| Long gate
-— 2
5 10°
8
2
‘@
& 10"
<
10° 4
(b) o 100

200
Time (ns)

Fig. 7 Time-gated imaging. (a) Normalized fluorescence decays of
doped NPs according to their QY. (b) Short and long time gated images
in time intervals 0-13 ns (left) and 58-193 ns (right) after excitation.
The arrow indicates particle 2. (c) Pseudocolored image of mixed
particles, where red and blue indicate photons that arrived a short or
long time after excitation, respectively.
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by depicting pixels with photons arriving in specific time
intervals after the excitation pulse in red and blue, respectively,
as shown in Fig. 7a and c (re-analysis of the FLIM image shown
in Fig. 6¢c). In this case, we have set the gate boundaries to
achieve the same number of photons. The short gate accumu-
lates all photons from 0 ns to 13 ns and the long gate accu-
mulates from 58 ns to 193 ns after excitation. The short time-
gate depicts all NPs, as both short- and long-lived particles
contribute with photons at fast timescales (zoom-in shown in
Fig. 7b, while full field of views are shown in Fig. S15%). In the
short time-gate, there are 4 bright particles, and the less bright
long-lived NPs (Y shape) are difficult to discern from the back-
ground. Instead, with the long time-gate, the long fluorescence
lifetime NPs can be easily observed exclusively. We note that
particle number 2 (Fig. 6¢ and 7b, arrow) is apparent in both
time gates; again, this indicates that the spot consists of two
NPs with short and long lifetimes in close proximity and
appears purple in the pseudocoloured time-gate image (Fig. 7c).
This form of time-gating can be a strong tool to gain an even
larger imaging contrast, for example, by removing the short-
lived auto-fluorescence in cells.

Conclusions

We report the first high density dye based fluorescent NPs
designed for fluorescence lifetime imaging. By doping SMILES
NPs with FRET acceptors, we outcompete trap states in the NP
lattice and gain increased fluorescence quantum yields and
control of the emission lifetime. These bright lifetime-
tuneable NPs are very easily assembled from commercial
dyes with the desired properties using the SMILES approach.
Compared to covalently synthesized dyads and other multi-
chromophores with tailored photophysical properties both the
SMILES NPs have the advantage of simple synthesis and
modification as well as the large brightness stemming from
the hundreds of dyes in each NP. We expected the new FRET
SMILES NPs to be a useful tool for adding more channels in
multiplexed fluorescence imaging, thereby allowing for
increasing the amount of information gained in a single
image. For applications in bioimaging, development of reac-
tive surface coatings for targeted imaging is necessary, which
would also enable immobilization of the NPs and further work
on single particle imaging. The long-lived NPs are also an
excellent candidate for time-gated imaging, where short-lived
fluorescence, that can occur from cell auto-fluorescence, can
be removed, which will increase the signal-to-noise ratio
drastically.
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