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Enhancement of the triplet photosensitizing
ability of BODIPY dyes by controlled red-shifted
H-aggregate formation using ionic liquids:
insights from spectroscopy, microscopy, DFT and
biological studies

Nayana Nupur Das,? Soumyaditya Mula, ¢ °“ Dhanya Rajendrababu,®
Sivan Velmathi (2 *? and Debashis Majhi (2 *°

We report an innovative, straightforward, and effective supramolecular method for converting fluoro-
phores into photosensitizers using symmetrical imidazolium ionic liquids (ILs) via the aggregation of BODIPY
derivatives. By utilizing “red-shifted H-aggregates” of 2,6-diethyl-4,4-difluoro-1,3,5,7-tetramethyl-8-phenyl-
4-bora-3a,4a-diaza-s-indacene (R6-BDP), along with both shorter and longer cationic alkyl chain
symmetrical ILs, we enhanced the conversion efficiency of the R6-BDP aggregates from fluorophores to
photosensitizers. The optical properties of R6-BDP in both the molecular and aggregated states were
investigated through UV-visible, fluorescence and time-resolved fluorescence spectroscopy techniques.
Notably, the absorption data indicated the formation of “red-shifted H-aggregates”, which is an unusual
phenomenon. The emission intensity of the R6-BDP aggregates decreased by approximately 65-fold
compared to their molecular form, suggesting that the aggregation-caused quenching effect (ACQ)
occurred in the aggregated state. The average lifetimes of the molecular and aggregate forms were
estimated to be 4.52 ns and 1.02 ns, respectively. Photophysical studies suggested that the addition of a
shorter alkyl chain IL (C>C,im-Br) promotes the formation of R6-BDP aggregates, whereas a longer alkyl
chain IL (CgCgim-Br) induces their dissociation, returning the aggregates to their molecular form. No
significant effect on aggregation was observed with the medium-length alkyl chain IL (C4C4im-Br). FESEM
(field emission scanning electron microscopy) analysis revealed that in the presence of C,C,im-Br, the
particle size of the R6-BDP aggregates increased, with a corresponding change in shape from round to rod-
like structures. However, the particle size decreased with the addition of CgCgim-Br, and the particles
appeared circular in shape. Theoretical density functional theory (DFT) studies provided further confirmation
of the formation of H-type aggregates for the R6-BDP molecules. Biological studies revealed that the
addition of a short alkyl chain IL to the R6-BDP aggregates significantly enhanced singlet oxygen generation,
as evidenced by increased green fluorescence in Hela cells under light irradiation, indicating an
improvement in their photodynamic therapy (PDT) performance. The current work offers a novel approach
for the research community to realize photodynamic therapy.

1. Introduction

Significant attention has recently been directed toward BODIPY
(4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) dyes because of
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their remarkable luminescent properties.”> These organic dyes
exhibit high fluorescence quantum yields, sharp absorption
bands and intense emission peaks across the visible to infrared
range.™ One of the main features of BODIPY derivatives that
has garnered significant attention is their tunable fluorescence
capabilities.>® The wavelengths at which these dyes absorb and
emit light can be adjusted as per the requirement by modifying
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the structure of the BODIPY core via the incorporation
of various functional groups. This tunable fluorescence prop-
erty is highly useful to design BODIPY derivatives with specific
fluorescence characteristics suitable for a variety of
applications.">”™*° However, their inherently low intersystem
crossing (ISC) rate makes them inefficient triplet photosensiti-
zers (PSs), ie. restricts their use as PSs in photodynamic
therapy (PDT) of cancers. Consequently, research has been
dedicated to increasing their triplet yields for developing effi-
cient PDT agents based on BODIPY dyes.

The ISC rate constant (kisc) for the singlet excited state (S,,)

and triplet excited state (T,,) can be written as follows:>"'""?
T,|Hso|Sm)?
kISC o < z‘ SO| n12> (1)
(AEs,,1,)

According to this equation, kjsc is proportional to the square
of the spin-orbit coupling (SOC) matrix element (H;, represents
the SOC Hamiltonian) and inversely proportional to the square
of the energy gap between S,, and T, (AEs _r ). Thus, various
heavy atom-attached BODIPY dyes have been synthesized,
which effectively increased the SOC to enhance their photo-
sensitizing ability.” However, heavy atoms enhance the dark
toxicity and increase the cost and pollution, making them
unsuitable for practical applications. Alternatively, heavy
atom-free PSs can be synthesized by designing low AEs
molecules.”® The planar conjugated BODIPY molecule has a
high energy gap between the singlet and triplet excited states
(AEs, 1,) due to the very strong spatial overlap of its molecular
orbitals. Thus, the ISC process is inefficient in BODIPY, show-
ing a very low triplet quantum yield. Various strategies have
been adopted to reduce AEg _r, such as molecular twisting and
generation of charge transfer states, which enhance the ISC
rate." Thus far, all the strategies adopted to the improve triplet
yield are based on the synthetic modification of BODIPY dyes,
which are tedious, time-consuming and resource intensive.
Instead, new strategies that enable control of the fluorescence
of BODIPY to enhance its ISC rate without synthesizing new
molecules would be highly interesting. One strategy involves
the formation of dye aggregates, which can help control the
fluorescence properties.'>'® The aggregation state of dye mole-
cules causes the fluorescence intensity to decrease, suggesting
that the released energy is transferred through nonradiative
processes such as internal conversion and intersystem cross-
ing. If the ISC process is enhanced, the chromophore can act as
a triplet sensitizer, transferring its energy from the excited
triplet state to molecular oxygen, producing singlet oxygen
(*0,). Kang et al.'” reported for the first time an innovative
supramolecular method to transform fluorescent organic mole-
cules into effective photosensitizers via aggregation. This strat-
egy to create photosensitizers through aggregation can be
helpful for PDT in cancer treatment. Based on the discussion
above, the current work aimed to develop a strategy to control
the fluorescence intensity of aggregated BODIPY derivatives,
and also to improve the triplet conversion of BODIPY dyes,
which inherently have a very low ISC conversion rate.
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It is commonly known that in aqueous solution, dye mole-
cules containing polynuclear aromatic moieties strongly prefer
to form colloidal aggregates.'® Thus, hydrophobic BODIPY dyes
also have a tendency to form aggregates in water because of
their intermolecular interactions and n—n stacking of the planar
n conjugated BODIPY chromophore.
mation of different aggregate structures in the presence of
water, the emission properties of the BODIPY molecule in the
aggregated state in most cases are significantly quenched."®

According to previous reports, micelles can serve as a great

medium for encapsulating hydrophobic molecules, and also
20,21

Because of the for-

can aid in making them more soluble in aqueous solutions.
The preparation of micelles commonly involves the use of
surfactants such as sodium dodecyl sulphate and TRITON-
X.>>?> However, micelles have also been formed in aqueous
media using surface active ionic liquids (SAILs).>%**
SAILs have long alkyl chains, which give them surface-active

Because

qualities, they have low toxicity, very low vapor pressure, great
thermal stability, and other desirable characteristics.*® It has
been demonstrated that SAILs can function as more efficient
micelle-forming agents than traditional surfactants.>*** Dand-
pat et al.>® demonstrated that SAIL can serve as an effective
medium for dissociating organic aggregates. Martins and co-
workers>”?® used N-alkyl isoquinolinium, N-alkyl pyridinium,
and 1-alkyl-3-methyl benzimidazolium chloride ionic liquids to
induce the aggregation of asphaltene and understand the
influence of these ILs on the aggregation of asphaltene.
Although some reports in the literature address the impact of
ILs on organic aggregates of various small drug molecules,?*"*°
currently there are no reports available specifically examining
their effects on BODIPY derivatives. Moreover, researchers have
primarily focused on the effect of imidazolium-based asymme-
trical ionic liquids on the aggregation of organic molecules,”®>®
leaving the impact of symmetrical imidazolium-based ILs
unstudied. Notably, the physicochemical properties and struc-
tural organization of imidazolium-based symmetrical ILs differ
significantly from that of their asymmetrical counterparts.®'*
Therefore, it is of particular interest to investigate how symme-
trical ionic liquids affect the aggregated state of BODIPY
molecules. Specifically, this study aimed to explore how short
and long cation alkyl-chain based symmetrical imidazolium ILs
influence the aggregation state of BODIPY molecules. The van
der Waals and electrostatic interactions among the ionic con-
stituents of ILs vary with changes in their cation or anion chain
length, thereby influencing both their overall properties and
structural organization.**” Thus, it is crucial to examine
whether the cation chain length of symmetrical IL affects the
formation of BODIPY aggregates.

For this purpose, we synthesized a BODIPY derivative, 2,6-
diethyl-4,4-difluoro-1,3,5,7-tetramethyl-8-phenyl-4-bora-3a,4a-
diaza-s-indacene (R6-BDP). Additionally, we prepared a series
of ILs, including 1,3-diethylimidazolium bromide (C,C,im-Br),
1,3-dibutylimidazolium bromide (C,C,im-Br), and 1,3-diocty-
limidazolium bromide (CgCgim-Br), to examine the influence of
symmetrical ILs on the aggregates of R6-BDP. The molecular
structures of all these compounds are provided in Chart 1.
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Chart 1 Chemical structures of R6-BDP, C,C,oim-Br, C4C4im-Br and
CgCgim-Br.

Initially, we examined the photophysical behavior of R6-BDP in
both its molecular and aggregated forms. The effect of symme-
trical ILs on the aggregation state of R6-BDP was also examined
using various spectroscopic techniques, including UV-visible,
fluorescence and time-resolved fluorescence spectroscopy.
Their microscopic behaviors in the aggregated state, both in
the presence and absence of ILs, were examined by field
emission scanning electron microscopy (FESEM) and dynamic
light scattering (DLS) methods. DFT-based theoretical calcula-
tions were also performed to evaluate the aggregation patterns
and triplet photosensitizing properties of this molecule.
Further, the singlet oxygen generation capabilities of the BOD-
IPY dye aggregates were measured. Finally, biological studies
were performed to confirm the singlet oxygen generation by the
R6-BDP aggregates, both in isolation and in the presence of IL.
The cytotoxicity of the R6-BDP aggregates, with and without
ionic liquid, under light illumination conditions was evaluated
using HeLa cells. The findings offer valuable insights into the
crucial role of ILs in enhancing the PDT activity of BODIPY
dyes. This information will be valuable for the practical appli-
cation of ionic liquids in enhancing BODIPY-based PDT thera-
pies for real-time cancer treatment.

2. Experimental
2.1. Materials

The compounds used for the synthesis of R6-BDP including 3-
ethyl-2,4-dimethyl-1H-pyrrole, triethylamine, benzoyl chloride,
and boron trifluoride etherate were obtained from Sigma-
Aldrich. The compounds for the preparation of the ionic liquids
(C,C,im-Br, C4C,im-Br, and CgCgim-Br) including ethyl imida-
zole, butyl imidazole, octyl imidazole, ethyl bromide, butyl
bromide, and octyl bromide were also purchased from Sigma-
Aldrich. 1,3-Diphenylisobenzofuran was used in the biological
studies and obtained from Sigma-Aldrich. R6-BDP aggregates
were prepared using double-distilled Milli-Q water.

2.2. Synthesis and characterisation

2.2.1. 2,6-Diethyl-4,4-difluoro-1,3,5,7-tetramethyl-8-phenyl-
4-bora-3a,4a-diaza-s-indacene (R6-BDP)®. 3-Ethyl-2,4-dimethyl-
1H-pyrrole (1.10 mL, 8.13 mmol) and benzoyl chloride
(0.47 mL, 4.06 mmol) were mixed in dry dichloromethane
(25 mL) in a Schlenk flask under an argon (Ar) atmosphere,
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and then the reaction mixture was stirred for 24 h at 25 °C.
Then the mixture was ice-cooled and triethyl amine (5.66 mL,
40.6 mmol) was slowly added to it and stirred for 15 min. After
that, boron trifluoride etherate (BF;-OEt;,) (6.0 mL, 48.72 mmol)
was slowly added to this solution and the resultant mixture was
stirred for 24 h at 25 °C. Then, the reaction was quenched with
50 mL of saturated aqueous sodium bicarbonate solution,
extracted with 3 x 75 mL of dichloromethane, washed with 3
x 50 mL of water and 50 mL of brine and dried with Na,SO,.
The organic mixture was concentrated in vacuo to obtain and
the crude product, which was purified by flash column chro-
matography (silica gel, DCM/petroleum ether, 50 : 50) to furnish
the R6-BDP (385 mg, 50%) dye as a brick red solid. The
compound was characterised by *H and **C NMR spectroscopy
(Fig. S1 and S2).

'H NMR (500 MHz, CDCl,): § (ppm) 7.47-7.46 (m, 3H), 7.29-
7.27 (m, 2H), 2.53 (s, 6H), 2.30 (q, J = 7.5 Hz, 4H), 1.27 (s, 6H),
0.98 (t, J = 7.5 Hz, 6H).

3C NMR (125 MHz, CDCl;): § (ppm) 153.7, 140.2, 138.4,
135.8, 132.7, 130.8, 128.9, 128.7, 128.3, 17.1, 14.6, 12.5, 11.6.

2.2.2. 1,3-Dialkyl imidazolium bromide (C,C,im-Br). The
ionic liquids, 1,3-dialkyl imidazolium bromide (C,C,im-Br,
where n = 2, 4, 8), were synthesized by following the reported
procedures.*™*® To synthesize C,C,im-Br, 1-alkyl-imidazole
(1.0 mmol) was added to 30 mL of acetonitrile in an RB
(round-bottom) flask and the mixture was stirred. Then, 1-
bromoalkane (1.10 mmol) was added dropwise to the reaction
mixture. The mixture was refluxed under a nitrogen atmo-
sphere for 72 h. The reaction mixture was concentrated in
vacuo and the oily product was washed 5-6 times with diethyl
ether, yielding a colorless liquid. Then, the compounds were
dried under vacuum for two to three days to remove any water
and ensure the high purity of the ILs. Characterization of the
ILs was carried out using '"H NMR spectroscopy, along with
mass spectrometry (Fig. S3-S8).

C,C,im-Br: 'H NMR (500 MHz, DMSO-de): § (ppm) 9.48 (s,
1H), 7.90 (d, 2H), 4.22 (q, 4H), 1.41 (t, 6H).

ESI-MS (+ve): 125 m/z, [C,Cpim]"

C4C4im-Br: 'H NMR (500 MHz, DMSO-de): 6 (ppm) 9.45 (s,
1H), 7.88 (d, 2H), 4.21 (t, 4H), 1.78 (m, 4H), 1.24 (m, 4H), 0.88
(t, 6H).

ESI-MS (+ve): 181 m/z, [C4C,im]"

CsCgim-Br: 'H NMR (500 MHz, DMSO-dg): 6 (ppm) 9.61 (s,
1H), 7.95 (d, 2H), 4.23 (t, 4H), 1.79 (m, 4H), 1.20 (m, 20H), 0.81
(t, 6H).

ESI-MS (+ve): 293 m/z, [CsCgim]"

2.3. Preparation and characterization of R6-BDP aggregates

The preparation of R6-BDP aggregates was studied using the
conventional re-precipitation method.*®*' Usually, 30 uL of
R6-BDP solution (0.01 M) in acetonitrile was quickly added
to water (3 mL) under sonication. After 20 min of continuous
stirring, colloidal aggregates were formed. The formation
of R6-BDP aggregates was confirmed by characterizing the
freshly prepared solution using UV-visible absorption, FESEM
and DLS.

This journal is © the Owner Societies 2025
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2.4. Instrumentation and methods

The 'H and >C NMR spectroscopic techniques were performed
using a Bruker Avance NMR (500 MHz) spectrometer, with
tetramethylsilane (TMS) serving as the internal standard. An
Agilent QTOFG6545 spectrometer was used to obtain high-
resolution mass spectrometry data at a resolution of 50000
in ESI mode. A JASCO V-750 spectrophotometer was used
to record all the steady-state absorption spectra, while fluore-
scence spectra were obtained with a JASCO FP-8200 spectro-
fluorometer. Time-resolved fluorescence studies were per-
formed using a DeltaFlex time correlated single photon
counting (TCSPC) spectrometer from HORIBA. The probe was
excited by a laser diode source (1exe = 500 nm, FWHM = 81 ps)
and an HPPD (HORIBA) detector was used. The EzTime decay
analysis software was used to evaluate the fluorescence inten-
sity decay through a non-linear least square’s iteration process.
The y* (chi square) values were used to assess the fit quality,
and fitting was used to determine the weighted deviation.
Origin 8.0 was used for the plotting and analysis of all data.
R6-BDP aggregates, with and without ILs, were analysed via
imaging using a ZEISS FESEM.

2.5. Computational methods

The ground-state structures of R6-BDP in both the monomer
and dimer were optimized to gain insight into the inter and
intra-molecular interactions of R6-BDP, which helps to under-
stand the aggregation behavior of the R6-BDP molecule. The
optimization of the R6-BDP molecule was performed using
density functional theory (DFT) calculations employing the
B3LYP functional and the 6-31+G(d,p) basis set, as implemen-
ted in the Gaussian 09 software.*>** The ground-state geome-
tries of the R6-BDP molecules and dimer of the R6-BDP
molecule were initially optimized using DFT in acetonitrile,
and then time-dependent DFT (TD-DFT)** was used to simulate
the absorption (excitation) spectra.

2.6. Singlet oxygen ('0,) generation

To detect singlet oxygen ('0,) in various solutions, 1,3-
diphenylisobenzofuran (DPBF) was employed as a chemical
probe. Solutions of molecular R6-BDP, aggregate form, and
R6-BDP aggregates with ionic liquid were each dispersed in
1 mL of an aqueous solution containing 60 uM DPBF. Subse-
quently, the mixtures were transferred to a cuvette and exposed
to monochromatic light. Changes in absorption at 410 nm were
monitored using a UV-vis absorption spectrophotometer.

2.7. Cell culture

The human cervical cancer cell line (HeLa) was maintained in
Dulbecco’s modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 10% antibiotic-anti-
mycotic solution in a CO, incubator at 37 °C. The cells were
cultured in 60 mm dishes until reaching approximately 80%
confluence.
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2.8. Cell viability assay

The viability of the HeLa cells was measured by means of the
MTT ((3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyl tetrazolium bro-
mide) assay. Briefly, the cells were seeded (1 x 10" cells per
well) in 96-well plates and maintained in a CO, incubator at
37 °C for 24 h. At approximately 80% confluence, the com-
pound R6-BDP aggregates and aggregated form +C,C,im-Br
were added at 0.2 uM, 2 uM, 4 pM and 8 pM concentrations,
respectively. After two hours of incubation in the dark, one set
was exposed to LED for 5 min. Then, the plates were incubated
overnight at 37 °C in a CO, incubator. MTT (0.5 g L") was
added to each well, as described previously by Mosmann*® to
estimate mitochondrial dehydrogenase activity. After 4 h incu-
bation, DMSO was added to each well to solubilize the MTT
formazan crystals and the absorbance was recorded at 570 nm.
The outcomes were reported as the percentage of cytotoxicity.

Percentage toxicity

(Absorbance of control — Absorbance of sample)
_ x 100
Absorbance of control

2.9. Measurement of intracellular reactive oxygen species

Briefly, cells were seeded (1 x 10* cells per well) in black glass-
bottom 96-well plates (BD Bioscience, USA) and incubated in a
CO, incubator for 24 h at 37 °C. At approximately 80% con-
fluence, the compound aggregated form of R6-BDP and aggre-
gated form +C,C,im-Br were added at 0.2 pM, 2 uM, 4 uM and
8 uM concentrations, respectively. After 2 h of incubation in the
dark, one set was exposed to an LED light for 5 min. The plates
were incubated overnight in a CO, incubator. Reactive oxygen
species (ROS) in HeLa cells were evaluated by utilizing a
fluorescent probe, DCFH-DA, as reported previously by Cathcart
et al.*® Briefly, the cells were incubated with DCFH-DA (20 uM)
in PBS (pH 7.4) for 20 min. After washing with PBS, the cells
were imaged using a fluorescence microscope (Olympus IX83)
equipped with FITC filters (excitation at 490 nm and emission
at 525 nm). Fluorescence intensity was determined using the
cellSens program.

3. Results and discussion

3.1. Photophysical studies of R6-BDP in molecular and
aggregated form

The photophysical properties of R6-BDP were initially exam-
ined in both its molecular and aggregated forms. The absorp-
tion spectra of R6-BDP in both forms are presented in Fig. 1(a),
while Table 1 summarizes the corresponding data. As seen in
Fig. 1(a), a sharp absorption band was observed at approxi-
mately 522 nm in the molecular form, with a shoulder absorp-
tion band appearing at around 491 nm. The sharp absorption
in the visible region is attributed to the 0 — 0 vibronic band for
the S, — S; transition, while the shoulder corresponds to the
0 — 1 vibronic band for the same transition. It is worth
mentioning that similar types of absorption bands have been

Phys. Chem. Chem. Phys., 2025, 27,17384-17398 | 17387
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Fig. 1 (a) Normalised absorption and (b) emission spectra of R6-BDP in the molecular and aggregated form.

2max

Table 1 Absorption (A5%) and emission (Agr) maxima of R6-BDP in its
molecular and aggregated forms

R6-BDP Absorption (23ps) (nm) Emission (Len ) (nm)
Molecular form 522 £ 2 536 + 2
Aggregated form 534+ 2 560 + 2

published by other researchers when examining the absorption
spectra of BODIPY molecules.® Similar to its molecular form,
the absorption profile of R6-BDP in the aggregated form
displayed a sharp peak near 534 nm and a shoulder at around
502 nm (Fig. 1(a)).

Again, the absorption maximum of R6-BDP in its aggregated
form is red shifted by over 12 nm compared to its corres-
ponding molecular form, as shown in Fig. 1(a). According to
Kasha’s theory, molecular aggregates are classified as J or H
aggregates depending on whether their absorption spectrum is
red or blue shifted compared to their molecular form.*” Thus,
the observed red shift in the absorption spectrum indicates the
formation of J-type aggregates for the R6-BDP molecule. How-
ever, some recent reports in the literature suggest that the red
shift in the absorption spectrum is not necessarily induced by J-
aggregation, but rather by the coupling of excitons and
vibrations.*® Spano et al.*®*° demonstrated that the type of
aggregation is independent of the absorption spectral shift.
Instead, it is determined by the ratio of the absorbance inten-
sities of the first two vibrational bands, A; and A,, corres-
ponding to the 0 — 0 and 0 — 1 transitions, respectively.*5*°
Again IA; denotes the absorption intensity of the 0 — 0 vibro-
nic band, and IA, denotes the absorption intensity of the 0 — 1
vibronic band (Table 2). The decrease in the ratio of absorption
intensities of these two vibronic bands in the aggregated state,

Table 2 Absorption position of vibronic bands and change in their
intensity ratio

R6-BDP A, position (nm) A, position (nm) IA,/IA, % change
Molecular form 522 491 2.941 48%
Aggregated form 534 502 1.508

17388 | Phys. Chem. Chem. Phys., 2025, 27,17384-17398

which is related to the molecular state of R6-BDP, shows the
formation of H-type aggregates.*®*?

The absorption intensity ratio of the first two vibronic bands
for both the molecular and aggregated forms is provided in the
Fig. S9, with the corresponding data given in Table 2. The data
demonstrates a significant reduction in the ratio of the first two
vibronic bands from the molecular to aggregated form of R6-
BDP, indicating that the aggregates are predominantly H-
aggregates. Interestingly, the investigation revealed that the
aggregates of R6-BDP exhibit non-Kasha’s behaviour, i.e. “red
shifted H-aggregates”, which is quite uncommon (Fig. 2). The
formation of “red-shifted H-aggregates” is propelled by the
substantial quadrupole-quadrupole interaction.’® These aggre-
gates exhibit all the typical features of H-aggregates, such as
suppressed radiative decay rates and vibronic signatures in
their absorption and emission spectra, consistent with the
Frenkel exciton models, except for the red shift in their absorp-
tion peak.*®

To gain more insight into the excited-state properties of both
the molecular and aggregated forms, we performed fluores-
cence spectroscopy. The emission spectra of R6-BDP in mole-
cular and aggregated form are shown in Fig. 1(b) and data are
listed in Table 1. Similar to the absorption spectra, the

Kasha
H-aggregate

—he

7 Y Non Kasha
e, Monomer Red-shifted H-
T, aggregate
3 p—

R A e,
........ I r‘A,_ Bright

O ﬁ_ Dark

|

Fig. 2 Schematic of the allowed transitions for the H-aggregate (Kasha)
and red-shifted H-aggregate (non-Kasha).
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emission maximum (Agy) of the R6-BDP molecules upon
photoexcitation at 500 nm shifted towards longer wavelengths
(red shift) by 24 nm in the aggregated state relative to the
molecular form. However, the emission intensity in the aggre-
gated state of R6-BDP was significantly quenched compared to
the molecular form of R6-BDP. In fact, the fluorescence inten-
sity decreased by approximately 65-fold in the aggregated state
relative to the molecular form due to the aggregation-caused
quenching (ACQ) phenomenon (Fig. 1(b)). Several factors may
contribute to the reduced fluorescence intensity in the aggre-
gated state. One factor is the ACQ effect likely occurring due to
a change in the emitting state upon aggregation.’" This effect is
driven either by the strong m-n coupling of the planar n-
conjugated structures of BODIPY molecules, which results in
the formation of excimers or exciplexes, or by collisions
between the excited and ground states of the fluorescent
molecules at relatively high concentrations, resulting in non-
radiative deactivation.”

To gain a better understanding of the ACQ effect, we
performed time-resolved fluorescence lifetime measurements
of R6-BDP in both the molecular and aggregated states. The
fluorescence lifetime data for both forms are provided in
Table 3. Notably, the fluorescence intensity decay of the mole-
cular form was best fitted by a mono-exponential model, while
the aggregated form followed a tri-exponential decay. The tri-
exponential fitting parameters for the aggregated form are
provided in the Table S1. The fluorescence lifetimes of the
molecular and aggregated forms of R6-BDP were estimated to
be 4.54 ns and 1.02 ns, respectively. The data clearly indicate
that the lifetime values are significantly lower in the aggregated
state than in the molecular form, further supporting the ACQ
phenomenon in the excited state.*®>?

3.2. Effect of symmetrical ionic liquids on the R6-BDP
aggregates

Over the past few years, researchers have thoroughly examined
the development of very stable and organized supramolecular
assemblies using oppositely charged surfactants. Thereafter, to
create different supramolecular aggregates, the surfactants
were replaced by surface-active ionic liquids, a unique family of
ILs.>67285% Ag a result, the structural elements of supramolecu-
lar aggregates-vesicular assemblies, micelles and mixed
micelles have been altered from the oppositely charged SAIL/
SAIL pair to surfactant/surfactant and surfactant/SAIL
pairs.>¢*%3% The most recent addition to this ion pair combi-
nation are dye molecules with a hydrophilic ionic head group

Table 3 Average lifetime data for the molecular, aggregated and ionic
liquids added to the aggregated form of R6-BDP

System Average lifetime (ns) Chi square (1)
Molecular form 4.54 £+ 0.23 1.05
Aggregated form 1.02 £+ 0.05 1.18
Aggregated form + C,Cim-Br  1.00 % 0.05 1.05
Aggregated form + C,C4im-Br  1.07 %+ 0.05 1.02
Aggregated form + CgCgim-Br  5.12 + 0.26 1.04
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and a lengthy hydrophobic chain segment.”*>%>* Hence, SAIL/
dye or surfactant/dye pairs can also lead to the formation of
different assemblies through electrostatic, hydrophobic or n-n
stacking.?¢72%3* It is important to note that the chain length of
the cation or anion in various ionic liquids plays a critical role
in determining their properties.”®?” By altering the chain
length, the electrostatic and van der Waals forces among the
components of the ionic liquids can be modified.>*?° For
instance, ILs with long alkyl chains, such as 1-dodecyl imida-
zole, exhibit behavior typical of surfactant-active ionic liquids
(SAILs),”® whereas ILs with very short alkyl chains do not
display this behavior.>® Therefore, it is crucial to investigate
how ionic liquids with varying alkyl chain lengths influence the
aggregate states of a drug molecule.

3.2.1. Effect of short alkyl chain ionic liquid. The effect of
short alkyl chain ionic liquids on the aggregates of R6-BDP was
investigated by gradually adding the cationic short alkyl chain
IL C,C,im-Br. Fig. 3(a) shows the absorption spectra of the R6-
BDP aggregates in the presence and absence of C,C,im-Br. As
seen in Fig. 3(a), the absorption spectra shifted towards longer
wavelengths (red shift), and the absorption intensity decreased
upon the addition of C,C,im-Br to the R6-BDP aggregates.
Interestingly, the absorption spectra became broadened as
the concentration of C,C,im-Br increased. The FWHM (full
width at half maximum) values of the absorption spectra for
the R6-BDP aggregates and R6-BDP aggregates in the presence
of 164.5 uM C,C,im-Br were determined to be 62 nm and
157 nm, respectively. The FWHM values suggest that the
absorption spectra broadened significantly upon the addition
of C,C,im-Br. The red shift and broadening of the absorption
peaks in the presence of C,C,im-Br suggest that the addition of
the short alkyl chain IL caused the R6-BDP aggregates to
transition towards a more solidified form. Due to the presence
of a small hydrophobic alkyl chain in C,C,im-Br, electrostatic
interactions may dominate over van der Waals forces, causing
the short alkyl chain ionic liquid to behave like a pure salt.
This salt-like nature of C,C,im-Br facilitated the formation
of organic aggregates of R6-BDP molecules. In this context,
it is worth noting that Christau and coworkers®® previously
reported the salt-induced aggregation of citrate-coated gold
nanoparticles (AuNPs) enclosed inside poly(N isopropyl-
acrylamide) brushes implanted from plain substrates. They
found that salt-induced AuNP aggregation resulted in nanopar-
ticle assemblies that varied depending on the type of salt.”®
Thus, it is intriguing that short alkyl chain ionic liquids can
behave like a salt,”” which facilitates the formation of aggre-
gates of R6-BDP molecules.

Our interpretation of the mechanism of the absorption
intensity quenching is further supported by the emission
spectroscopy data for the R6-BDP aggregates. Quite interest-
ingly, the fluorescence intensity of the R6-BDP aggregates
gradually decreased with an addition of C,C,im-Br, as shown
in Fig. 3(b). The broadening in the emission spectra and
decrease in emission intensity upon the gradual addition of
the short alkyl chain IL indicate that R6-BDP molecules were
tending towards the solid form. The decrease in fluorescence
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Fig. 3 (a) Absorption and (b) emission spectra of the aggregated state of R6-BDP with gradual addition C,C,im-Br.

intensity is primarily attributed to the intermolecular vibronic
interactions, causing the nonradiative deactivation process,
which possibly involves internal conversion, ISC or fluores-
cence quenching such as excitonic coupling and excimer
formation."” Enhancing the ISC process (S; — T,) upon aggre-
gation could allow the R6-BDP to act as a sensitizer, transfer-
ring its triplet excited state energy to molecular oxygen, thereby
generating singlet oxygen (*O,), which would be very helpful for
PDT." The generation of singlet oxygen in R6-BDP aggregates
in the presence of C,C,im-Br is confirmed and discussed in
Section 3.5.

Furthermore, the fluorescence quenching of the R6-BDP
aggregates by C,C,im-Br was analysed using the Stern-Volmer
plot.”® This plot, which shows the relationship between Fo/F
and C,C,im-Br concentration, is presented in Fig. 4. Based on
the linear fit of the Stern-Volmer plot,*® the quenching process
appears to be either exclusively static or dynamic in nature (see
Fig. 4). To distinguish whether the observed quenching beha-
viour is due to a static or dynamic process, fluorescence decay

2.4 4
2.2 4

2.0 4

@ Data
Linear Fit

LU S DU S
0 15 30 45 60 75 90 105 120 135 150

Concentration (uM)

Fig. 4 Stern—Volmer plot illustrating the changes in the fluorescence
intensity of R6-BDP aggregates with varying concentrations of the ionic
liquid (IL). The black lines represent the error bars for the data points.
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measurements of the R6-BDP aggregates in presence of C,C,im-
Br were conducted using the TCSPC technique.

The representative fluorescence decay profiles of the R6-BDP
aggregates, both with and without C,C,im-Br, are shown in
Fig. 5, with the corresponding data provided in Table 3. The
average lifetime values of the R6-BDP aggregates in the absence
and presence of C,C,im-Br are 1.02 ns and 1.00 ns, respectively.
These results suggest that the fluorescence lifetime of the Ré6-
BDP aggregates did not change significantly upon the addition
of the short alkyl chain IL, indicating that the quenching
mechanism is purely static in nature.

3.2.2. Effect of medium and long alkyl chain ionic liquids.
Further, we examined the effect of medium alkyl chain IL on
the R6-BDP aggregates using a medium cationic alkyl chain
symmetrical IL, C,C4im-Br. The absorption spectra of the R6-
BDP aggregates with and without C,C,im-Br are presented in
Fig. S10(a). Both the absorption intensity and absorption max-
ima of the R6-BDP aggregates did not change significantly upon
the addition of C,C,im-Br as shown in Fig. S10(a). To better
understand the role of C,C4im-Br, we also performed fluores-
cence spectroscopy. Fig. S10(b) represents the emission spectra
of the R6-BDP molecules in aggregated form in the presence of
C,C4im-Br. Similar to absorption, no significant changes in the
emission maxima and emission intensity were observed for the
R6-BDP aggregates upon the addition of C,C,im-Br. The data
suggest that C,C,im-Br had no effect on the R6-BDP aggregates.
This might be because it is a medium hydrophobic alkyl chain
(n = 4) ionic liquid, which does not behave like a pure salt or it
cannot form micelles®” because both the electrostatic inter-
action and van der Waals interaction among the IL components
may be balanced.

Moreover, to confirm this, we performed time-resolved
fluorescence lifetime measurements. The average lifetime for
the aggregated form and in the presence of C,C,im-Br was
found to be 1.02 and 1.07, respectively (Table 3), which
indicates that the change in fluorescence lifetime is not sig-
nificant. This investigation suggests that medium alkyl chain
ionic liquids do not have much effect on organic aggregates of
R6-BDP.
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Fig. 5 Fluorescence intensity decay profile of R6-BDP in the molecular
form, aggregated form, and R6-BDP aggregates in the presence of
C,Coim-Br and CgCgim-Br. Black lines represent the fitted data points.

Additionally, we extended our studies by using a longer
cationic alkyl chain ionic liquid, CgCgim-Br, to investigate its
effect on the R6-BDP aggregates. The representative absorption
spectra of the R6-BDP aggregates, both with and without
CgCgim-Br, are presented in Fig. 6(a). Upon the gradual addi-
tion of CgCgim-Br, the absorption intensity of the R6-BDP
aggregates sharply increased and their absorption maximum
shifted towards the shorter wavelength region (blue shift), as
shown in Fig. 6(a). The observed increase in absorption inten-
sity and the blue shift in absorption maximum indicate the
dissociation of the aggregate molecules, transitioning towards
a molecular form. Furthermore, we also performed a fluores-
cence study on the R6-BDP aggregates with the gradual addi-
tion of a longer alkyl chain IL (Fig. 6(b)). The addition of
CgCgim-Br to the aggregated solution of R6-BDP was observed
to cause a hypsochromic shift in its emission spectrum and its
emission intensity increased by around 26-fold. This behaviour
is likely due to the longer alkyl chain in CgCgim-Br, which
enhances the hydrophobic interaction over the electrostatic
interaction, thereby favouring the formation of micelles in
the aqueous solution.”® The significant blue shift in the
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emission spectrum and the increased emission intensity of
the R6-BDP aggregates in the presence of CgCgim-Br suggest
that the dissociated species are highly stable within the hydro-
phobic core of the micelles. The data also suggest that the R6-
BDP aggregates dissociate and transition towards the molecular
form in the presence of CgCgim-Br. This occurs due to the
micellar effect of the longer alkyl chain IL. The presence of a
long hydrophobic chain (n = 8) in CgCgim-Br allows greater
compactness, enabling it to easily form micelles above its
critical micelle concentration.”” To determine the critical
micelle concentration (CMC) value, we plotted a graph of
fluorescence intensity versus the concentration of CgCgim-Br
(Fig. S11). The inflection point of the sigmoidal curve in the
graph is found to be approximately 10.3 pM, indicating that
micelle formation occurred after the addition of 10.3 pM
CgCgim-Br. This is due to the formation of micelles, which help
in encapsulate the aggregates of R6-BDP molecules and break
their aggregation.

To gain further insights into the increase in the fluorescence
intensity of the R6-BDP aggregates, we also performed time-
resolved fluorescence lifetime measurements. The fluorescence
decay profile depicting the effect of a longer alkyl chain ionic
liquid (CgCgim-Br) on the aggregates of R6-BDP is shown in
Fig. 5. The fluorescence decay trace (excited at 500 nm) was
fitted to triexponential functions. The lifetime value increased
from 7 = 1.02 ns to T = 5.12 ns upon the addition of a longer
alkyl chain ionic liquid (CgCgim-Br) to the R6-BDP aggregates,
which is close to that of the molecular form of R6-BDP. This
signifies that the aggregation was broken and it was tending
towards the molecular form. The dissociation of aggregates
into monomers is a key factor in enhancing the activity of drugs
in biological systems, which makes this an intriguing
observation.>® Interestingly, the effect of the long alkyl chain
IL significantly differed from that of the short alkyl chain IL.
The short alkyl chain IL had the tendency of inducing aggrega-
tion, which we discussed earlier (Section 3.2.1). In contrast, the
longer alkyl chain IL can able to form molecular species (Fig. 7).
A dramatic colour change from pale pink to lime green under
UV light was observed upon the addition of the longer alkyl
chain IL (CgCgim-Br) to the R6-BDP aggregates, as shown in
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(a) Absorption and (b) emission spectra of aggregated state of R6-BDP with the gradual addition of CgCgim-Br.
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Fig. 7. In contrast, no colour change occurred when a medium
alkyl chain ionic liquid (C,C,im-Br) was added to the R6-BDP
aggregates. Interestingly, the colour transitioned completely
from pale pink to colourless upon the addition of a short alkyl
chain IL (C,C,im-Br) to the R6-BDP aggregates. Based on the
above discussion, we conclude that the cationic alkyl chain
length of symmetrical ILs plays a vital role in determining
whether they facilitate the formation of organic aggregates or
break them down into molecular forms. This strategy is parti-
cularly interesting given that it facilitates the formation of
organic aggregates through the addition of short alkyl chain
ILs, while also enabling their breakdown with the addition of
long alkyl chain ILs. To further confirm our experimental
observations, we extended our studies through microscopic
analysis.

3.3. Microscopic analysis of R6-BDP aggregates

To examine the morphology of the R6-BDP aggregates with and
without ionic liquids, FESEM images were captured at ambient
temperature (Fig. 8). The estimated particle size of the R6-BDP
aggregates was found to be nearly 1.518 pm and the particles
were round in shape with a rough surface (Fig. 8(a)). In the
presence of the shorter alkyl chain IL, the particle size of the
R6-BDP aggregates increased from 1.518 um to 7.226 pm, with a
corresponding change in shape from round to rod-like struc-
tures (Fig. 8(b)). These findings strongly support the previous
observations from the photophysical studies (see Section 3.2.1),
which indicated that the shorter alkyl chain IL promoted
the formation of R6-BDP aggregates. Furthermore, the rod-
shape structure of the R6-BDP aggregates in the presence of

17392 | Phys. Chem. Chem. Phys., 2025, 27,17384-17398

Fig. 8 FESEM images of the (a) aggregation of R6-BDP. (b) Addition of
C,C,im-Br to the aggregation of R6-BDP. (c) Addition of C4C4im-Br to the

aggregation of R6-BDP. (d) Addition of CgCgim-Br to the aggregation of
R6-BDP.

C,C,im-Br also confirmed that R6-BDP tended towards a more
solidified structure in the presence of C,C,im-Br. However, the
particle size of the R6-BDP aggregates was found to be around
2 pm, with no noticeable change in shape upon the addition of
the medium alkyl chain ionic liquid. These findings suggest
that C,C,im-Br had no substantial effect on the R6-BDP aggre-
gates. Interestingly, the particle size of the R6-BDP aggregates
declined from 1518 nm to 209 nm with the addition of the
longer alkyl chain IL (CsCgim-Br). Additionally, the shape of the
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particles changed, becoming circular (Fig. 8(d)). This data
indicates that the R6-BDP aggregates tended towards a mole-
cular form in presence of CgCgim-Br. The results support the
observations obtained from the spectroscopic investigation of
the effect of the medium and long alkyl chain ILs on the R6-
BDP aggregates (see Section 3.2.2).

Additionally, to confirm the size of the particles obtained by
FESEM, dynamic light scattering measurements were also
performed for all these samples. The size distribution plots of
the R6-BDP aggregates, both with and without liquids, are given
in Fig. S12. It was observed that the size of the particle
increased from 1557 nm to 2506 nm in the presence of the
shorter alkyl chain ionic liquid (C,C,im-Br). Additionally, the
polydispersity index (PDI) increased from 0.73 to 1.26 in the
presence of C,C,im-Br, indicating that the particles grew in size
with the addition of the short alkyl chain IL. This suggests that
the R6-BDP molecules form larger aggregates in the presence of
short chain ILs. However, on the addition of the medium alkyl
chain IL (C,C,im-Br), the particle size changed from 1557 nm to
1799 nm. The PDI value also increased from 0.73 to 0.88, which
is not significantly different for the change upon the addition of
C,C,im-Br. Interestingly, the size of the particles decreased
from 1557 nm to 528 nm and the PDI value also changed
from 0.73 to 0.01 in the presence of the longer alkyl chain IL
(CgCgim-Br), indicating the formation of molecular form.
Similar observations were previously recorded based on
FESEM data.

3.4. Theoretical calculations of the experimental results

The photophysical and aggregation behavior of molecules can
be better understood by using theoretical calculations.*>** The
ground-state structures of R6-BDP, including monomers, linear
dimer and B-F- - -H linear dimers were completely optimized in
the gas phase. Theoretical calculations were performed at the
DFT level with the Gaussian 09 quantum mechanical package,
employing the B3LYP functional in combination with the 6-
31+G(d,p) basis set. The time-dependent DFT (TD-DFT)** form-
alism was used to estimate the excitation energies at the TD-
B3LYP/6-31+G(d,p) level of theory.

The self-assembled structure of R6-BDP was studied by
optimizing its monomer, linear dimers and B-F---H linear
dimers to help understand its aggregation behaviour, as shown
in Fig. 9. As seen in Fig. 9(c), two R6-BDP molecules are
connected via B-F---H hydrogen bonding. In this case, the
two molecules are interlinked through a head-to-head fashion.
The hydrogen bond distance between B-F---H is 2.19 A, indi-
cating strong hydrogen bonding interaction. This hydrogen
bond linkage further supports the assembly of H-type aggre-
gates of the R6-BDP molecules, consistent with the experi-
mental observations.

The excited-state energy difference was calculated for both
the monomer and dimer of R6-BDP. Fig. 10 represents the
energy gap between the singlet (S;) and triplet (T;) energy states
for both the monomer and dimer of R6-BDP. According to
Kasha’s rule, when the S; state is populated either through
direct photoirradiation or via internal conversion from higher
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Fig. 9 Optimized geometries of R6-BDP, (a) monomers, (b) linear dimers,
and (c) B—F---H linear dimers.

S

.\ 15C s, —_—
)( IsC

23 T,
T, —e

Fig. 10 Energy level illustrations for the excited singlet (black) and triplet
(blue) states calculated using TD-DFT for the R6-BDP monomer (left) and
dimer (right) structures.

excited singlet states, it is difficult for the monomer to transi-
tion from the S, state to the T, state because of the significant
energy difference of 1.2786 eV between them, as shown in
Fig. 10. Interestingly, in the dimer, the associated S;-T; and
S;-T, energy difference is significantly reduced to 1.0758 eV
and 1.0749 eV, respectively (see Table S2). According to the
energy gap law,”® inter system crossing (ISC) is more efficient
when the singlet and triplet states have similar energy levels.
However, based on the classical Marcus theory, the rate con-
stants for ISC are inversely proportional to the square of the
pertinent energy difference (AE) and directly proportional to
the square of the spin-orbit coupling (Hi¢).®® Given that heavy
atom-free organic systems often have small spin-orbit cou-
plings, the energy differences become the key factor governing
the ISC efficiency.®’ Thus, the reduction in the energy gap
between the S; and T, states may account for the aggregation-
induced increase in the ISC efficiency observed in the present
study, as discussed vide infra.

The computed /.« values (Fig. 11) for the R6-BDP monomer
and dimer forms are presented in Table 4. The calculated Apax
values for the monomer and dimer were found to be 448.68 nm
and 456.81 nm, respectively. Although these values differ
significantly from the experimental absorption maxima, both
approaches show a consistent trend, ie., a red shift in the
absorption spectrum upon aggregation. Notably, similar dis-
crepancies between the theoretical and experimental
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Fig. 11 Computed Amax for the R6-BDP monomer and dimer at the TD-
B3LYP/6-31+G(d,p) level of theory.

Table 4 Computed Amax for the monomer and dimer forms of R6-BDP

System Jmax (Mm)  f(Oscillator strength) Transitions

Monomer 448.68 0.586 H-L; 94.54%
H-1-L; 5.45%

Dimer 456.81 0.020 H-L; 64.59%

H-1-L-1; 35.41%

absorption maxima for both the molecular and aggregated
forms have been reported previously.**®>®* These studies also
emphasize that although the absolute values may vary, the
observed trends remain consistent. Again, the S,-S; transition
is referred to as an optical transition. The theoretical results
indicate that the hydrogen bonding between the R6-BDP mole-
cules is primarily responsible for the observed red shift of
8.13 nm upon dimer formation. Furthermore, the fluorescence
intensity is directly proportional to the oscillator strength (f).**
The R6-BDP monomer exhibits a stronger oscillator strength
than the dimer (Table 4), suggesting that the monomer has a
higher fluorescence intensity than the dimer. Both findings
align well with the experimental results.

3.5. Singlet oxygen ('0,) generation and photostability

As discussed earlier in Section 3.2.1, the shorter alkyl chain
ionic IL (C,C,im-Br) facilitates the formation of more solidified
structures of R6-BDP aggregates by promoting their aggrega-
tion. This helps in decreasing the energy gaps among the
singlet and triplet excited states, as proven by the theoretical
study (see Section 3.4), which enhances the ISC efficiency. Due
to the increase in the ISC efficiency of the R6-BDP aggregates
upon the addition of the shorter alkyl chain IL, their singlet
oxygen (0,) generation efficiency should be enhanced, which
was assessed by a photochemical technique. This study
included the addition of C,C,im-Br (short alkyl chain IL) to
the R6-BDP aggregates and DPBF was added as a singlet oxygen
scavenger. The photodegradation of DPBF upon photoirradia-
tion of the BODIPY aggregates was measured by monitoring the
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decrease in the absorbance of DPBF at 410 nm. It has been
observed that the absorption of DPBF is significantly reduced
in the presence of singlet oxygen.®® Firstly, the photodegrada-
tion of DPBF was examined in the presence of the R6-BDP
aggregates (Fig. 12(b)). The absorption peak intensity of DPBF
in the presence of the R6-BDP aggregates showed a slight
decrease under laser photoirradiation (Fig. 12(b)). However,
its absorption peak intensity at 410 nm decreased rapidly upon
addition of C,C,im-Br IL on the aggregation of R6-BDP
(Fig. 12(c)), indicating that the R6-BDP aggregates generated
singlet oxygen more efficiently in the presence of the short alkyl
chain IL. The decrease in DPBF concentration over irradiation
time was also evident through the drastic color change in the
solution, shifting from green to colorless (see inset in
Fig. 12(c)). Furthermore, no reaction was observed between
the aggregated form +C,C,im-Br and DPBF as the absorption
band of the photosensitizer at around 525 nm remained
unchanged, as shown in Fig. 12(c). The decay rates of DPBF
upon the addition of the aggregated form +C,C,im-Br are
higher than that of the molecular and aggregated forms of
R6-BDP (Fig. 12(d)), indicating the efficient photosensitization
ability of the singlet oxygen generated by the R6-BDP aggregates
in the presence of the short alkyl chain ionic liquid. This result
demonstrates the excellent photostability of the aggregated
form +C,C,im-Br, enabling its use for prolonged laser exposure
(high dose) during PDT. Therefore, these results suggest that
the impact of C,C,im-Br (short alkyl chain IL) on the enhance-
ment of singlet oxygen generation by R6-BDP molecules may
play an important role as a photosensitizer in photodynamic
therapy.

3.6. In vitro photodynamic therapy evaluation in cancer cells

An in vitro photodynamic therapeutic investigation was per-
formed using the MTT method both with and without illumi-
nation using 490 nm LED light. The cytotoxicity of the R6-BDP
aggregates with the addition of the short alkyl chain IL
(C,C,im-Br) on HeLa cells was assessed at concentrations of
0.2 pM, 2 pM, 4 uM and 8 pM. As shown in Fig. 13, the
cytotoxicity was low for aggregates of R6-BDP even at the dose
of 8 uM compared to aggregated form +C,C,im-Br in the dark
as well as under light irradiation. Furthermore, the addition of
the short alkyl chain IL to the R6-BDP aggregates incubated at
concentrations of 0.2 uM, 2 uM, 4 uM and 8 uM in the dark
caused 19%, 23%, 39% and 44% cell death in the HeLa cells,
respectively. In contrast, a significant increase in cell death was
observed after exposure to light, as shown in Fig. 13. Therefore,
R6-BDP aggregation in the presence of C,C,im-Br could poten-
tially enhance its role as a photosensitizer for photodynamic
therapy.

3.7. Intracellular singlet oxygen (*0,) detection

To explore the therapeutic mechanism of the effect of ionic
liquids on R6-BDP aggregate-mediated PDT, we further verified
the generation of singlet oxygen in HeLa cells by fluorescence
microscopy imaging using 2,7-dichlorofluorescein diacetate
(DCFH-DA) as an reactive oxygen species (ROS) indicator.*®
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aggregated form +C,C,im-Br on Hela cells in the dark and under light
illumination.

Intracellular esterase can hydrolyse DCFH-DA to create DCFH,
which resists cell membrane penetration and allows
ROS within the cell, subsequently oxidizing DCFH to create
fluorescent DCF (2,7-dichlorofluoresce) to emit bright

This journal is © the Owner Societies 2025

green fluorescence.®® HeLa cells were incubated with the
DCFH-DA + aggregated form of R6-BDP and DCFH-DA+ aggre-
gated form of R6-BDP + C,C,im-Br in a dose-dependent manner
at concentrations of 0.2 uM, 2 uM, 4 uM and 8 uM with and
without light irradiation.

As shown in Fig. 14, the HeLa cells exhibited high DCF green
fluorescence in the presence of the aggregated form of R6-BDP
following 490 nm irradiation, indicating that the cells con-
tained an abundance of '0,. The green fluorescence was greater
at a higher dose (4 uM and 8 pM) under irradiation with light,
indicating more singlet oxygen generation at the doses of 4 pM
and 8 pM. In contrast, the green fluorescence was less in the
dark compared to that in the light. This is an indication of an
efficient photosensitizer that is helpful for PDT. After the
incubation of HeLa cells with aggregated form +C,C,im-Br,
the production of singlet oxygen was greater under light,
showing more green fluorescence than that in the dark. In
addition, more singlet oxygen was generated than that by the
R6-BDP aggregates. The generation of more singlet oxygen after
the addition of the short alkyl chain ionic liquid (C,C,im-Br) to
the R6-BDP aggregates indicates the formation of a more
solidified form of R6-BDP. This helps in transferring energy
to molecular oxygen, producing singlet oxygen due to the low
energy gap between the singlet and triplet states. These data
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clearly indicate that ionic liquids have potential to increase the
intracellular generation of singlet oxygen via the aggregation of
R6-BDP for PDT treatment.

4. Conclusion

In this study, we explored the aggregation behaviour of a
BODIPY molecule derivative (R6-BDP) through various spectro-
scopic, microscopic, and computational techniques. We also
examined the influence of the cationic chain length of symme-
trical ionic liquids on the aggregation of R6-BDP. Three ionic
liquids with varying alkyl chain lengths on the cationic moiety
were synthesized to examine how increasing the cationic alkyl
chain length affects the aggregation of R6-BDP. Photophysical
studies were conducted on both the molecular and aggregated

17396 | Phys. Chem. Chem. Phys., 2025, 27,17384-17398

forms of the R6-BDP molecule. The absorption profile of the
R6-BDP aggregates exhibited a red shift compared to its mole-
cular form, and the spectral data suggested the formation of J-
aggregates. Notably, we observed the formation of “red-shifted
H-aggregates”, which is an uncommon phenomenon in this
context. Further investigation revealed that the addition of a
shorter alkyl chain IL (C,C,im-Br) promoted the stronger
aggregation of R6-BDP, decreasing the energy gap between its
singlet and triplet excited states. This enhanced aggregation
improved the generation of singlet oxygen, which can have
important implications for photodynamic therapy in cancer
treatment. In contrast, the presence of a longer alkyl chain IL
(CgCgim-Br) led to dissociation of the aggregates, converting
them back to the molecular form. Notably, no significant effect
on R6-BDP aggregation was observed with a medium-length
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alkyl chain IL (C,C,im-Br). These findings highlight the sig-
nificant role of the cation chain length of ILs in modulating the
aggregation state of R6-BDP, with potential applications in PDT
and drug delivery. Short alkyl chain ionic liquids appear to
favour the formation of more stable organic aggregates, while
longer chains disrupt this aggregation. The theoretical DFT and
TD-DFT results also supported the experimental findings.
Biological studies revealed that the addition of a shorter alkyl
chain IL to the R6-BDP aggregates enhanced singlet oxygen
generation, improving their photodynamic therapeutic perfor-
mance. The solidified form of R6-BDP aggregates, resulting
from the addition of a short alkyl chain IL, boosted singlet
oxygen production and photocytotoxicity. These findings
demonstrate the potential of ionic liquids in optimizing R6-
BDP aggregates for effective PDT treatment. Further research is
required to expand our understanding of these effects and
explore their therapeutic potential.
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