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Nanoaggregates of phenothiazine—trithienyltriazine compounds
with a different degree of branching (TRZ1-3) were investigated in
a water dispersion with time-resolved spectroscopy. Room tempera-
ture phosphorescence was highlighted for TRZ1, reactive oxygen
species production for TRZ2, and red thermally activated delayed
fluorescence for TRZ3. These aggregation induced emission materi-
als hold great potential for imaging-guided photodynamic therapy.

In recent years, there has been significant interest in developing
organic thermally-activated delayed fluorescence (TADF) materials
for highly efficient electroluminescence in third-generation
organic light-emitting diode (OLED) devices."” Unlike conven-
tional fluorescence, TADF allows harnessing both the singlet and
triplet excitons for emission via reverse intersystem crossing (rISC)
from T; to S;, enabled in fluorophores with a small singlet-to-
triplet energy gap (AEsy).® Such peculiar energetic conditions have
been generally achieved in organic push-pull dyes bearing elec-
tron donor (D) and electron acceptor (A) units connected by n-
linkers where the photoinduced intramolecular charge transfer
(ICT) triggers effective triplet production via spin orbit charge
transfer (SOCT) induced ISC.*” Strikingly, by virtue of the low-
cost, favorable photophysical features and excellent biocompat-
ibility (being metal-free molecular structures), purely organic
TADF materials show fascinating appeal also in the field of
biomedicine.® In fact, the long-lived emission of TADF fluoro-
phores makes them optimal probes for time-resolved lumines-
cence imaging (TRLI), with the potential to eliminate the
background autofluorescence from biological tissues and improve
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bioimaging resolution.”'® Beyond this, TADF molecules could
also be used as new metal-free photosensitizers for photodynamic
therapy (PDT) through interaction of the photogenerated T; state
with molecular oxygen, leading to the production of toxic reactive
oxygen species (ROS).""'? It is noteworthy that donor-acceptor
molecules generally exhibit large nonlinear optical features, such
as two-photon absorption (TPA), particularly when arranged in
multibranched molecular structures.>** The possibility to trigger
emission and ROS generation in push-pull TADF chromophores
with the low energetic, highly focused and deeply penetrating
infrared radiation makes them particularly suitable for biomedi-
cine in general and for imaging-guided TP-induced PDT in
particular.”'® The highly hydrophobic donor-acceptor dyes gen-
erally need to be encapsulated in water-dispersed organic or
polymeric nanoparticles for their biological use.'

In a previous work of ours, we have reported the synthesis and
photophysical characterization in solution and in the solid state of
three push-pull phenothiazine (D) and trithienyltriazine (A) deriva-
tives, where the D/A units are linked through triple bonds and
arranged in dipolar (TRZ1), quadrupolar (TRZ2), and octupolar
(TRZ3) molecular structures (Fig. 1A).” We found large triplet
production and small AEgr for these molecules and gained clear
evidence for orange/red TADF in solid-state thin films, with impor-
tant implications for optoelectronic applications. Here, we explore the
potential of these new fluorophores, exhibiting TADF in the biological
transparency window, for use in the biomedical field. In particular, in
the present work, we investigate their photophysics as water-
dispersed organic nanoaggregates with conventional steady state
and advanced time-resolved spectroscopy, with nanosecond and
femtosecond resolution, in absorption and in emission, to unveil
the occurrence of aggregation-induced delayed emission.'® > More-
over, we study the emissive behavior of these organic nanoparticles in
a cellular environment through fluorescence microscopy as well as
their phototoxicity against melanoma and breast cancer cells through
the MTT assay coupled with ROS fluorimetric assay.

Absorption and emission spectra of TRZ1-3 were investi-
gated in dimethylsulphoxide (DMSO)/water (W) mixtures with
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Fig. 1 (A) Molecular structures of the investigated compounds. (B) Emis-
sion spectra recorded for TRZ2 in DMSO/water mixtures with different
water amounts. (C) Fluorescence quantum yields measured for TRZ1-3 in
DMSO/water mixtures with different water fractions. (D) Pictures of the
fluorescence triggered upon a blue laser excitation for TRZ1-3 monomers
(in DMSO) and aggregates (in water dispersion at 99%W).

different compositions (see Fig. 1B and Fig. S1, S2). DMSO is a good
solvent for these molecules, whereas water is a poor solvent; upon
exceeding 40% water content, aggregation of the organic dyes is
triggered. Aggregate formation leads to small changes in the absorp-
tion spectra (Fig. S1) and to a strong enhancement in the fluores-
cence intensity (Fig. S2), proving a clear aggregation-induced
emission (AIE) behavior.”® A very low fluorescence was observed in
pure DMSO."” On the other hand, a remarkable emission attributed
to the aggregates was detected in DMSO/W mixtures above 40%W.
The excitation spectra overlap well with the absorption spectra for
the aggregates (Fig. S3-S5). The fluorescence quantum yields exhibit
values of ca. 5% for the TRZ1-2 and ca. 2% for the TRZ3 aggregates
in a water dispersion, significantly enhanced with the aggregation
(Fig. 1C and Table S1). The fluorescence kinetics recorded by time
correlated single photon counting (TC-SPC) in a 50 ns time window
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(Fig. S6) showed a multiexponential decay at large water amount in
the mixture (Table S1), likely determined by the inhomogeneous
nature of the formed aggregates.”® Interestingly, the fluorescence
emitted under a blue laser excitation looks negligible for the
monomers in DMSO (only scattering from exciting light visible),
while being bright orange (TRZ1-2) and red (TRZ3) for the aggre-
gates in water dispersion (Fig. 1D). It is noteworthy that a large
portion of the emission exhibited by these organic aggregates in
water (Fig. S2) falls within the biological transparency window.
Femtosecond transient absorption measurements were carried
out to uncover the photoinduced excited state dynamics for the
TRZ1-3 monomers in DMSO and aggregates in water dispersion
(DMSO/W at 99%W). The time resolved absorption spectra recorded
in the polar DMSO solvent (panel B of Fig. S12-S14) show a fast
evolution from an excited-state absorption (ESA) characterized by
two bands at ca. 570 and 670 nm (attributed to the locally excited
singlet excited state, S;yp) to a single ESA peak at ca. 550 nm
(assigned to the intramolecular charge transfer state, S; ycr). Global
fitting of the data in DMSO revealed the presence of four exponential
components (Fig. 2C): the first component with a lifetime of
hundreds of fs assigned to S; 5, the second with a lifetime of ca.
2 ps assigned to diffusive solvation, the third with a lifetime of 27,
9.6 and 8.1 ps for TRZ1-3 associated to the S;;cr, and a residual
component not decaying in the investigated time window (Inf)
associated with the population of T;. The trend of decreasing
S1;cr lifetime with increasing the degree of branching may be due
to the increased ICT character for the quadrupolar and octupolar
relative to the dipolar derivatives.”> When the ultrafast dynamics
were investigated for the aggregates in water dispersion (Fig. 2A, B
and Fig. $15-S17), a slower S; 1k to S; jcr conversion was observed,
with the S;;5 lifetime being ca. 2 ps under these experimental
conditions. Similarly, the S, ;cr decay was found to occur in 290, 79,
and 71 ps for the TRZ1, TRZ2 and TRZ3 aggregates, respectively.
Such slower excited state deactivation may be determined by the
restriction of intramolecular movements in the water-dispersed
aggregates relative to the monomers."” An Inf component was
revealed by the fitting of the femtosecond transient absorption
results in water in all cases. The evolution-associated spectrum
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Fig. 2 Femtosecond transient absorption data obtained for TRZ2 (A) and TRZ3 (B) in water dispersion (99%W). (a) Transient absorption spectra at
different delays after excitation. (b) Evolution associated spectra (EAS) and lifetimes obtained from the global analysis of the data. (C) Table summarizing
the results of global analysis in terms of lifetimes and assignment of the components.
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(EAS in Fig. 2A and B) for the Inf component was found to be more
similar to the singlet excited state absorption for TRZ1 and TRZ2
(consistent with the nanosecond decay components observed for the
aggregates vis TC-SPC) while being a triplet-like absorption spectrum
for TRZ3. This finding suggests faster triplet production in TRZ3
relative to the other compounds, likely due to its increased SOCT.

Nanosecond transient absorption experiments revealed signifi-
cant signals due to a long-lived transient species with a lifetime of
hundreds of nanoseconds for all TRZ1-3 aggregates in a water
dispersion (Fig. S18 and Table S5). The transient absorption spectra
recorded via laser flash photolysis exhibited negative ground state
bleaching around 400 nm and positive ESA above 500 nm, with a
spectral shape resembling the triplet absorption as previously
determined in solution experiments'’ at least for the TRZ1 and
TRZ2 aggregates characterized by better signal-to-noise ratios
(Fig. S18). The triplet lifetime of the aggregates in a water dispersion
was found to be 365 ns for TRZ1, 291 ns for TRZ2, and 216 ns for
TRZ3 (Table S5). The faster triplet decay observed for the tri-
branched system may be possibly linked to a more efficient deactiva-
tion channel for the triplet excited state in this case.

Given the significant triplet production observed for TRZ1-3 in
water dispersion and the small AEgy values estimated in a previous
work," fluorescence kinetics were recorded through TC-SPC also in
a long time window of 1-2 ps to look for the possible presence of
prompt and delayed emission in DMSO/W mixtures. An in-depth
study was performed for the extreme cases of the mono-branched
(TRZ1) and tri-branched (TRZ3) derivatives. When considering mix-
tures with a large water amount (above 40%), the multiexponential
decay fitting of the fluorescence (Table S6) highlighted the presence
not only of components with lifetimes of a few nanoseconds (prompt
fluorescence) but also of components with lifetimes of hundreds of
nanoseconds consistent with the triplet lifetime (delayed fluores-
cence). The amplitude of such delayed fluorescence was found to be
enhanced upon increasing the percentage of water in the mixture
(Fig. S19), pointing to an aggregation-enhanced delayed fluorescence
behavior. Interestingly, among the aggregates of the three molecules
in water dispersion (99%W), the largest amplitude of the delayed
fluorescence was revealed in the case of TRZ3 (Fig. 3A and Fig. S20,
Table S6). This result gives a justification to the shorter triplet
lifetime measured for TRZ3 relative to TRZ1-2, with TRZ3 being
the compound for which the rISC pathway of triplet decay followed
by TADF is relatively more efficient. Time-resolved emission spectra
(TRES) were also detected in the microsecond time range by using a
micropulsed lamp for the photoexcitation of aggregates of the
investigated molecules in water dispersion. A decay of the emission
simply resembling the instrumental response function (IRF) was
obtained for TRZ2 and TRZ3 with TRES consistent with the steady-
state emission (Fig. 3B and Fig. S22, S23). On the other hand, for
TRZ1, also a longer-lived emission of ca. 70 s associated to an
emission at ca. 640 nm, red-shifted relative to the steady fluores-
cence, was observed (Fig. 3B and Fig. S21). This peculiar emission
may be assigned to the occurrence of room temperature phospho-
rescence activated in the restricted aggregate environment in the
case of TRZ1.2>***

The size of the water-dispersed nanoaggregates was investigated
through dynamic light scattering (DLS) measurements. Freshly
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Fig. 3 (A) Fluorescence kinetics obtained via TC-SPC for TRZ1-3 in water
dispersion (99%W). (B) TRES matrix in the microsecond time range for
TRZ1-2 aggregates in a water dispersion. (C) Sketch of the DF, RTP, and
ROS generation revealed for TRZ1-3.

prepared nanoaggregates produced from a DMSO stock solution
were generally found to be characterized by two main populations of
hydrodynamic diameters of tens and hundreds of nanometers
(Fig. S24 and Table S7). A single family of aggregates, peaked at
around 140 nm, was instead revealed for TRZ2. The size distribution
was improved when the preparation was performed by injecting into
water a concentrated stock solution in tetrahydrofuran (THF) and
when employing sonication, by applying both strategies: a single
family of smaller particles was obtained in all cases (Fig. S25-S27
and Table S8). On the other hand, the optical properties of the
nanoparticles in water were found to be unaffected by the prepara-
tion method (Fig. S10 and S11). The size of the produced organic
nanoparticles is compatible with their inclusion within cells.*®
Fluorescence microscopy images were obtained for melanoma
(MEL501) and breast cancer (MDA-MB231) cells stained with the
DAPI nuclear marker (blue emission) and Phalloidin cellular cyto-
skeleton marker (green emission). Bright red emission from the
TRZ1-3 nanoparticles was revealed in the perinuclear cellular region
(Fig. 4D and Fig. S28 and S29). Dark cytotoxicity was found to be
negligible for the investigated compounds, indicating their suitabil-
ity as bioimaging fluorescent probes (Fig. 4A and Fig. S30). Differ-
ently and interestingly, the phototoxicity exhibited by the TRZ1-3
aggregates against both cancer cell lines after photoexposure was
found to be significant, particularly in the case of TRZ2 (Fig. 4B and
Fig. S31). The origin of the observed phototoxicity toward melanoma
(MEL501) and breast cancer (MDA-MB231) cells was investigated
through experiments aimed at searching for ROS. ROS were found to
be generated in the investigated tumor cells well above the control
levels upon irradiation when solutions of TRZ1-3 at 1 or 10 pM
concentrations were considered (Fig. 4C and Fig. S32). These results
obtained in the cellular environment are in good agreement with
fluorimetric tests performed for the TRZ1-3 aggregates in a water
dispersion in the presence of the DCFH2-diacetate ROS probe
(Fig. 4C and Fig. S33):”” the largest ROS production was revealed
in the case of TRZ2.

In summary, our time-resolved spectroscopic results for purely
organic nanoaggregates produced with push-pull phenothiazine-
trithienyltriazine derivatives (TRZ1-3) in water dispersion high-
lighted both AIE and significant production of the triplet state, but
different deactivation pathways for the latter were tuned by the
degree of branching in these molecular structures (Fig. 3C). In
particular, an apparent RTP emission was observed for aggregates
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Fig. 4 (A) Phototoxicity of TRZ1-3 on MEL501 cells with 28 minutes
irradiation time (corresponding to 2.59 J cm™2) under UV light. (B) ROS
production induced by TRZ1-3 in MEL501 cells with 28 minutes irradiation
time (2.59 J cm~2). Both phototoxicity and ROS production are expressed
as the mean of two independent experiments of four replicas each + SD.
100% corresponds to control mean values. (C) Emission intensity as a
function of irradiation time under UV light (3.38 mW cm™2) of water
dispersed aggregates of TRZ1-3 in the presence of DCFH2-dicacetate
and for the fluorescent probe alone as a control. (D) Representative
fluorescence microscopy images of fixed MEL-501 cells. Cells stained with
DAPI (blue, DAPI filter) and 10 uM TRZ2 (red, TRITC filter) along with
relative phalloidin (green, FITC filter) and merged images (image magnifi-
cation: 60x).

of the dipolar TRZ1, while the most important TADF was obtained in
the case of the octupolar TRZ3. The majority of such orange/red AIE
falls into the biological transparency window. On the other hand, the
main deactivation channel of the triplet for the quadrupolar TRZ2
aggregates was found to be the interaction with molecular oxygen,
leading to ROS generation and cellular phototoxicity. Organic nano-
particles of these novel dyes therefore hold great potential for
applications in imaging-guided PDT.
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