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730 nm Light-Induced Cleavage of BODIPY Photocages via
Entropy-Driven Triplet Sensitization

Jussi Isokuortti, Kaiqi Long, Zahra Gounani, Yichi Zhang, Omar Alsaedy, Weiping Wang,*
Timo Laaksonen,* and Nikita A. Durandin*

Light-activated drug delivery systems allow precise spatiotemporal control of
a drug release process. However, safe and efficient drug release activation
needs a low-power nonpulsed red/near-infrared light with high tissue
penetration depth. Nevertheless, such systems remain a challenge. Herein, a
self-assembled nanovehicle made of 2,6-diiodo-B-dimethyl-boron
dipyrromethene (BODIPY)-based photocleavable trigonal molecules bearing
Pt(II) meso-tetraphenyltetranaphthoporhyrin photosensitizer and a
fluorescent release marker Nile Red in hydrophobic core is introduced. The
system employs endothermic triplet–triplet energy transfer between the
photosensitizer and the trigonal molecule, leading to the cleavage of the
trigonal molecule followed by cargo release. This allows to engage 730 nm
light to cleave BODIPY photoremovable protecting groups (PPGs) instead of
530 nm light that would be needed for direct photocage excitation. Therefore,
the approach unleashes the desired activation of drug release via
photocleavage with longer wavelengths (within the phototherapeutic window)
without any chemical modification of the PPGs. Cell studies demonstrate fast
intracellular uptake of the nanovehices by PC3 human prostate cancer cells
with accumulation in lysosomes in 2 h. Light irradiation at 730 nm on
nanovehicles dispersed in cell media leads to payload release. Remarkably, the
system exhibits higher release efficiency at low oxygen concentration than at
ambient thus allowing to tackle aggressive hypoxic solid tumors.

1. Introduction

Photocleavage reactions, also known as photo-uncaging reac-
tions, have emerged as a promising photochemical process
enabling precise control over bond cleavage using light. They
facilitate photochemical control of molecular structures and
activities for diverse applications like photopharmacology,[1]
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photocatalysis, and 3D printing.[2] Pho-
toremovable protecting groups (PPGs),
such as o-nitrobenzenes,[3] coumarins,[4–6]

and boron-dipyrromethenes (BODIPYs),[7]

absorb UV and/or visible light followed
by bond cleavage between the PPGs and
the cargo molecules. However, long-
wavelength light, in particular within the
red/near-infrared (NIR) window (625–
900 nm), is preferable for biomedical
applications and additive manufacturing
due to its superior tissue penetration,
lower phototoxicity, and reduced scattering.
Thus, the development of long-wavelength
light-triggerable photocleavage reactions
becomes highly desirable.

Nevertheless, longer-wavelength ab-
sorbing PPGs are inherently less pho-
tochemically efficient than the shorter-
wavelength absorbing derivatives due to
the lower-energy excited states that decay
rapidly as dictated by the energy gap law.
Many efforts in synthesizing red/NIR
light-responsive PPGs with expanded
𝜋-conjugating area or novel chemical sub-
stitutions have resulted in unsatisfying
photolytic yields and relatively low absorp-
tion coefficients. Alternative pathways,

such as multiphoton excitation[8–10] and photon
upconversion,[11–13] have been explored to utilize NIR light
for activating short-wavelength light-responsive PPGs. Further
developments can also be seen by developing a one-photon
triplet sensitization process to mimic but simplify the photon
upconversion process. Particularly for BODIPYs that possess a
low-lying triplet state compared to the first excited singlet and
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the uncaging reaction can occur via this triplet state, photosen-
sitization provides an efficient and energy-conserving pathway
with increased photolytic quantum yields.[14–17]

Here, we demonstrate a photocleavage reaction via an en-
dothermic, that is, donor energy is lower than acceptor, triplet
sensitization pathway. A far-red (𝝺max = 690 nm) light-absorbing
photosensitizer, Pt(II) meso-tetraphenyltetranaphthoporhyrin
(PtN), was employed in combination with (2,6,-diiodo-B-
dimethyl-BODIPY)3-tris(2-aminoethyl)amine, shortly BTAEA,
as the energy acceptor. Often, the endothermic triplet–triplet
energy transfer (TTET) process is considered thermodynamically
unfavorable and thus omitted. However, endothermic TTET has
been successfully employed recently for triplet fusion upcon-
version and photoswitching, just to name a few.[18–21] However,
these examples are still limited.

Despite of endothermic nature of TTET, efficient photol-
ysis of BTAEA was observed upon 730 nm light indicating
that TTET still occurs between PtN and BTAEA. Owing to the
self-assembling property of BTAEA via 𝜋–𝜋 and hydrophobic
interactions,[15] the hydrophobic photosensitizer can be easily
solubilized upon integrating it into BTAEA-formed nanosystem
and the triplet sensitization can be performed also in an aque-
ous environment, indicating excellent potential for biomedical
applications. Moreover, in the same fashion, BTAEA can incor-
porate hydrophobic cargo molecules, for example, drugs without
drug–PPG conjugation, making it the perfect light-responsive
drug nanocarrier.

2. Results and Discussion

2.1. Nanoparticle Preparation and Characterization

Nanoparticles were fabricated using flash nanoprecipitation
method followed by several rounds of centrifugation to purify
them from unencapsulated dyes (for more details, see Support-
ing Information).[15] The obtained nanoparticles had an average
diameter of ca. 90 nm (PDI < 0.2) measured by dynamic light
scattering. At the same time, transmission electron microscopy
revealed 86 nm size of nanovehicles (Figures S5 and S6, Sup-
porting Information). Notably, the nanoparticles were stable for
at least 2 months.

Encapsulation of the dyes into the nanoparticles was con-
firmed utilizing UV–vis spectrophotometry (Figure S7, Support-
ing Information). Significantly, these feeding ratios yielded 100%
encapsulation efficiency for the Nile Red fluorescent release in-
dicator while for BTAEA and PtN the values were 39% and 18%,
respectively. This resulted in 11.8 BTAEA/PtN molar ratio, ensur-
ing that every nanoparticle contained the triplet photosensitizer
in its hydrophobic core.

2.2. Probing the Character of Triplet–Triplet Energy Transfer

In order to study the kinetics of TTET, we employed 2,6-diiodo
B-dimethyl-BODIPY-OH, a chromophoric analog of the trigonal
molecule BTAEA, for TTET experiments in solutions. This allows
to neglect the size effect of BTAEA on the diffusion rate constant.
For these experiments, the PtN photosensitizer and 2,6-diiodo-
B-dimethyl-BODIPY-OH molecules (BODIPY-OH) were dis-
solved in degassed dimethyl sulfoxide (DMSO) with the addition

Figure 1. Phosphorescence quenching results of PtN by 2,6-diiodo-B-
dimethyl-BODIPY-OH (BODIPY-OH) as Stern–Volmer plot with linear fit
for Stern–Volmer constants (KSV), rate constants of triplet energy transfer
(kTTET) and triplet energy gap (ΔET).

of bis(methylthio)methane serving as an oxygen scavenger.[22]

TTET was monitored by measuring PtN phosphorescence life-
time in presence of various 2,6-diiodo-B-dimethyl-BODIPY-OH
concentrations (Figures S3 and S4, Supporting Information). The
resulting Stern–Volmer plot is shown in Figure 1. The Stern–
Volmer quenching constant (KSV) was further used to calculate
the TTET rate constant (kTTET):

𝜏0

𝜏i
= 1 + KSV ×

[
2,6-diiodo-B-dimethyl-BODIPY-OH

]
(1)

kTTET =
KSV

𝜏0
(2)

where 𝜏0 is the unquenched phosphorescence lifetime of the
photosensitizer, that is, 13.6 μs. The quenching study yielded a
kTTET of 5.01 × 107 m−1 s−1, which is 20 times slower than kdiff.
This TTET rate constant value was then employed to evaluate
the triplet energy gap (ΔET) between the PtN and 2,6-diiodo-B-
dimethyl-BODIPY-OH triplet states:[23]

ΔET

kBT
= ln

(
kdiff

kTTET
− 1

)
(3)

where kB is the Boltzmann constant, T is the temperature,
and kdiff = 1.1 × 109 m−1 s−1 is the diffusion rate constant in
DMSO (see Supporting Information).[19] The calculated 3 kBT
(or 0.078 eV) triplet energy gap reveals that TTET is substan-
tially endothermic. Based on the estimated energy gap and the
triplet energy of PtN obtained from the phosphorescence spec-
trum (1.39 eV, Figure S2, Supporting Information), we calcu-
lated the triplet energy of 2,6-diiodo-B-dimethyl-BODIPY-OH as
1.47 eV. This value is in good agreement with TD-DFT calcu-
lated one (1.52 eV).[14,15] Altogether, the quenching results indi-
cate that TTET occurs between the PtN photosensitizer and the 2,
6-diiodo-B-dimethyl-BODIPY-OH acceptor even through a con-
siderably endothermic energy gap.
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2.3. Co-Localized Triplet Energy Transfer Followed by
Photocleavage

To investigate whether endothermic TTET between PtN and
BTAEA can lead to photocleavage and consequently cargo release,
the nanoparticles were irradiated with 730 nm light. Since triplets
are inherently oxygen-sensitive, we expected to have negligible
or substantially smaller BTAEA photocleavage upon excitation of
PtN at ambient versus hypoxia.

Photocleavage was investigated by using high-performance
liquid chromatography (HPLC) with UV–vis detection
(Figures S8–S10, Supporting Information). For this set of
experiments, the nanoparticles encapsulated only PtN. Before
the analysis, the nanoparticle samples were left intact or treated
with ca. 25 mm sodium sulfite, a potent ground state oxygen
scavenger,[24] to create hypoxic conditions and then illuminated
with 730 nm LED. At ambient, 16% of BTAEA was photolyzed
in 5 min under 730 nm light illumination (170 mW cm−2, see
Figure 2). At the same time at hypoxic conditions, 42% photo-
cleavage was achieved using the same light dosage. A 20-min
exposure time led to ca. 76% cleavage efficiency at hypoxic condi-
tions. BTAEA nanoparticles without the PtN photosensitizer did
not show any photocleavage after the same illumination period,
regardless of oxygen status.

To demonstrate that the BTAEA photocleavage results in a
cargo release from the nanoparticles, we employed a hydrophobic
fluorescent reporter molecule Nile Red (Scheme 1). Nile Red has
a high fluorescence quantum yield when it is dissolved in an or-
ganic solvent such as THF, DMF, or when it is incorporated into
hydrophobic compartments of proteins or nanoparticles.[25–27]

Once it is introduced to an aqueous solution it aggregates and
loses its emission properties.[15] The absorption spectrum of Nile
Red allows selective excitation of the dye at 580 nm for release
studies without exiting either the PtN photosensitizer or the
BTAEA photocage (Figure S1, Supporting Information).

After just 2 min of light irradiation (730 nm, 170 mW cm−2),
22% of Nile Red was released at hypoxic conditions (Figure S11,
Supporting Information). This was anticipated considering the
efficient BTAEA photocleavage verified by HPLC (vide supra).
Further light exposure led to even more release, reaching ca. 38%
in 25 min. In order to make release faster, we increased power
density up to 870 mW cm−2 and checked the release profile of the
cargo molecule from the nanoparticles. Indeed, the higher power
density of excitation light resulted in more efficient release within
the same 25-min period of time, that is, 52%. The release was ac-
companied with a decrease in the size of nanoparticles (71 nm
versus initial 86 nm) due to the cleavage of BTAEA followed by a
partial degradation of the BODIPY-OH. Little to no release was
observed at ambient conditions despite even higher power den-
sity (870 mW cm−2) used for these experiments (Figure 2).

2.4. On the Mechanism of Photocleavage via Endothermic
Energy Transfer

Although there are ongoing debates about the precise photore-
lease mechanism from BODIPY photocages, there are indica-
tions that it is a photo-SN1-type mechanism based on ionization–
dissociation heterolysis.[28] Importantly, BODIPY-based pho-
tocages can undergo photocleavage involving a triplet mani-

Figure 2. A) Dependence of BTAEA photocleavage in nanoparticles upon
730 nm illumination (170 mW cm−2) in the presence or absence of PtN
photosensitizer and normoxia versus hypoxia conditions monitored us-
ing HPLC. B) Release profile of Nile Red from nanoparticles upon 730 nm
light irradiation varying power density at ambient versus hypoxia condi-
tions (n = 3). “NPs” shown in (A) refers to nanoparticles.

fold once their triplet state is populated either via intersystem
crossing or triplet–triplet energy transfer.[29] Based on our ex-
perimental data, TTET between PtN and 2,6-diiodo-B-dimethyl
BODIPY-OH and thus BTAEA is highly endothermic with 3 kBT
triplet energy gap between triplet state of the photosensitizer
(donor) and the BODIPY moiety acceptor. Therefore, no photo-
cleavage could be expected due to hindered TTET from PtN to
the 2,6-diiodo-B-dimetyl-BODIPY moieties and orders of magni-
tude more rapid exothermic reverse TTET (rTTET) from the ac-
ceptor to the photosensitizer.[23] Despite the seemingly unfavor-
able thermodynamics of TTET, photocleavage was still observed
in our experiments (vide supra). We postulate that the reason-
ably long triplet state lifetime of PtN photosensitizer (13.6 μs)
and high local concentration of the BODIPY acceptor moieties
in the nanoparticle facilitate the process of TTET. Indeed, our
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Scheme 1. Upper panel: The Jablonski diagram of the BTAEA photocleavage. The left section (red one) represents the triplet-sensitized mechanism
of BTAEA photocleavage upon 730 nm light excitation employing PtN photosensitizer. The right one (green panel) shows photocleavage using direct
excitation of BTAEA chromophore with green, for example, 530 nm light. Lower Panel: Reaction scheme of BTAEA photocleavage.

Figure 3. Time-resolved phosphorescence decays of PtN (𝝺exc = 690 nm,
𝝺em = 895 nm) in DMSO or PtN/BTAEA nanoparticles (samples were de-
oxygenated). Scatter plots represent raw data, bold lines are reconvolution
fittings.

Figure 4. The relative viability of PC3 cells cultured 24 h before treat-
ment with PtN/BTAEA nanoparticles for 2 h at three concentrations of 6.2,
12.4, and 24.8 μg mL−1 (BTAEA concentration is mentioned). The graph
presents the cell viabilities assessed with alamarBlue assay (mean ± SD,
n = 4). “PtN/BTAEA” shown in the figure refers to PtN/BTAEA nanoparti-
cles.

Adv. Optical Mater. 2024, 12, 2400310 2400310 (4 of 7) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 5. In vitro assessment of the light-triggered cargo release. CLSM images of PC3 cells incubated with free Nile Red (prepared in water), and
PtN/BTAEA with or without 730 nm light irradiation. Light-irradiated PtN/BTAEA nanoparticles and free Nile Red showed lowest fluorescent intensity
indicating the release of Nile Red from PtN/BTAEA upon 730 nm light exposure. “PtN/BTAEA” shown in the figure refers to PtN/BTAEA nanoparticles.

phosphorescence studies of PtN/BTAEA nanoparticles revealed
substantial quenching of PtN triplet state lifetime, that is, down
to 1.14 μs (Figure 3). This leads to 𝜱TTET being almost 92%.

We attribute this result to the considerable entropy factor in-
volved in the TTET process:[18–21,30]

ΔS = kB ln

(
[BTAEA]

[
3PtN∗

]
[PtN]

[
3BTAEA∗

]
)

(4)

The triplet lifetime of 2,6-diiodo-BODIPY photocages is in the
order of 120 ns,[31] apparently, due to fast charge separation fol-
lowed by dissociation of the cage into BODIPY carbocation with
low energy. This fact leads to reduced concentration of BODIPY
triplet states capable to perform rTTET,[18] which, in turn, dimin-
ishes the dominator of Equation (4) resulting in a large entropy
gain. This makes overall process of TTET from PtN to BTAEA
followed by photocleavage inside nanoparticles more feasible.
Altogether, it leads to modest triplet-sensitized photocleavage

Adv. Optical Mater. 2024, 12, 2400310 2400310 (5 of 7) © 2024 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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quantum yields of 0.195% and 0.098% at hypoxia and normoxia,
respectively (see Supporting Information).

2.5. Cellular Uptake, Viability, and Cargo Release

The dark cytotoxicity of PtN/BTAEA nanoparticles was tested
against PC3 human prostate cancer cells. The results did not
indicate any significant toxicity of the nanoparticles up to
24.8 μg mL−1 of BTAEA compared to control cells that were grown
in cell growth media (Figure 4).

The uptake and trafficking of PtN/BTAEA nanoparticles in
PC3 cells were monitored by loading the nanoparticles with Nile
Red as a fluorescence marker. LysoTracker Deep Red was used
to visualize PC3 lysosomes to check the co-localization of the
nanoparticles and dye in the cells (Figure 5). Efficient uptake
of PtN/BTAEA nanoparticles and further co-localization in lyso-
somes after 2 h was confirmed by Confocal Laser Scanning Mi-
croscopy (CLSM). The light-triggered cargo release was evalu-
ated by using PtN/BTAEA (24.8 μg mL−1) nanoparticles loaded
with Nile Red in cell media while exposing them to 730 nm light
(870 mW cm−2) for 30 min at ambient before adding to cells.
Cell distribution and fluorescent intensity of free Nile Red pre-
pared in water was used as a reference for Nile Red released from
PtN/BTAEA nanoparticles after 730 nm light exposure.

As the PtN/BTAEA nanoparticles provide a lipophilic environ-
ment for Nile Red, intact nanocarriers produced higher probe flu-
orescence signal compared to those that had released their cargo.
Figure 5 clearly shows that light-treated PtN/BTAEA nanoparti-
cles possess lower Nile Red fluorescent intensity than nonirradi-
ated ones and their fluorescence signal is comparable with free
Nile Red. These results demonstrate that a payload of PtN/BTAEA
nanoparticles can be released upon 730 nm light irradiation.

3. Conclusion

We developed a light-triggered drug delivery system activated by
730 nm light with good performance at hypoxic conditions. This
combination of properties is rarely achieved, making our sys-
tem stand out from other conventional light-based therapies in-
cluding photodynamic therapy and/or reactive oxygen species-
dependent drug release systems. In our work, the system relies
on endothermic TTET between the PtN photosensitizer and the
photocleavable BODIPY-based self-assembling molecule to in-
duce a cargo release. Harnessing entropy to facilitate the pro-
cess makes overall TTET efficient enough to indirectly excite the
photoprotecting group. Thus, utilization of PtN photosensitizer
as a far-red light absorbing antenna together with endothermic
TTET[19–21] allow to further expand excitation wavelength range
for BODIPY PPGs (usually absorbing 530 nm green light) to a
wavelength even 200 nm longer without running a new synthe-
sis. We envisage that the approach based on endothermic TTET
is versatile and can be applicable for many other PPGs beyond the
BODIPY chromophore[32–35] for benefits in controlled drug deliv-
ery. Moreover, the photocleavage and, consequently, the cargo re-
lease were substantially higher at hypoxia than normoxia, which
can project further utilization of the approach to selectively tar-
get hypoxic solid tumours without affecting healthy normoxic tis-
sues.
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