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ABSTRACT: Although boron-dipyrromethene (BODIPY) dyes
have been widely recognized for their potential use as photo-
sensitizers (PSs) in cancer treatment, the development of heavy-
atom-free BODIPY PSs for photodynamic therapy (PDT),
particularly in two-photon excited photodynamic therapy (2PE−
PDT), remains challenging. Herein, a novel heavy-atom-free
photosensitizer (BDP-6) with optimized singlet−triplet energy
gap and steric hindrance was designed and synthesized to facilitate
intersystem crossing and improve fluorescence intensity. To
enhance the biocompatibility and tumor-targeting ability of BDP-
6, corresponding nanophotosensitizers (BDP-6 NPs) were
prepared by encapsulating BDP-6 within DSPE-PEG(2000) biotin.
Compared to control BDP-5 NPs without dimethyl groups, BDP-6
NPs exhibited brighter deep red fluorescence and higher efficiency in generating reactive oxygen species (ROS) under one-photon
excitation in aqueous solutions. Moreover, BDP-6 NPs displayed excellent tumor-targeting ability, bright red emission, and
considerable phototoxicity with low dark toxicity toward cancer cells. Notably, under two-photon excitation, the BDP-6 NPs
efficiently generated ROS both in aqueous solutions and living cells, thereby demonstrating exceptional performance in 2PE−PDT
for cancer cell ablation. Furthermore, in vivo experiments revealed that BDP-6 NPs hold great promise for cancer PDT. Our work
presents practical strategies for developing tumor-targeting heavy-atom-free nanophotosensitizers based on BODIPY dye for 2PE−
PDT of cancer.

1. INTRODUCTION
Photodynamic therapy (PDT) has great potential for treating
cancer and other diseases due to its distinguished advantages
over traditional therapies.1−5 The key element in this
treatment is the photosensitizer (PS), which results in
therapeutic outcomes from reactive oxygen species (ROS)
production with light irradiation in the presence of oxygen.6−8

Generally, PSs should be capable of simultaneous fluorescence
imaging and treatment, which allows the real-time monitoring
of tumors and reflecting the feedback of the therapeutic effects
during the PDT.9−12 So far, there are two strategies to achieve
clinical PSs.13 One relies on a molecular design approach to
modulate the photophysical processes of PSs with the support
of the Jablonski diagram. This is because the photophysical
processes of PSs are highly associated with absorbed photon
conversion into photodynamic effects, while simultaneously,
various functional groups can be covalently conjugated through
chemical reactions. This method, however, requires a
complicated synthesis and is expensive.14,15 The other strategy

is a nanoengineering approach integrating multiple compo-
nents into one nanoparticle. Nanoengineering is a convenient
and effective approach, but numerous components, multistep
fabrication, and low reagent loading hampers further clinical
translation.16 Although extensive studies have been conducted
in both basic science and clinical applications, PDT for cancer
cannot fully meet the requirement.

To treat deep-seated tumors, the excitation wavelength of
PSs should be tuned to the phototherapeutic window (650−
850 nm) because visible light is often quickly absorbed and
scattered by biomolecules.17 It is difficult to design and
synthesize long-wavelength absorbing PSs with optimized
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triplet energy using one-photon excitation photodynamic
therapy (1PE−PDT). Two-photon excitation photodynamic
therapy (2PE−PDT) offers an opportunity to overcome light
penetration and treatment depth issues.3,18−22 The develop-
ment of efficient two-photon PSs is promising for deep-seated
tumor treatment.

Over the past decades, motivated by the inherent advantages
of boron-dipyrromethene (BODIPY) dyes, such as excellent
photophysical and photochemical properties, good photo-
stability, and ease of modifications,23−26 a large number of
BODIPY-based PSs have been developed for oncologic
PDT.27−32 To overcome the shortcomings of BODIPY PSs
containing heavy atoms, several BODIPY PSs without heavy
atoms have been developed and studied in vivo.33,34 However,
examples of far-red/NIR BODIPY PSs for 2PE−PDT are
rare.35−37 Recently, we have provided a novel approach to
efficient heavy-atom-free BODIPY PS by reducing the energy
gap (ΔEST) between the lowest singlet (S1) and lowest triplet
excited states (T1).34 Introducing an electron donor to a
BODIPY acceptor at meso-position via phenyl bridge

significantly reduced ΔEST, resulting in a promoted intersystem
crossing (ISC) process and enhanced ROS generation. We
propose that tuning ΔEST along with blocking nonradiative
decay pathways may further improve the ROS generation
ability as well as the fluorescence quantum yields in restricted
states. In addition, taking advantage of nanotechnology,
nanophotosensitizers (NPSs) with good biocompatibility,
high brightness, and excellent targeting capability can be
afforded to enhance PDT.38,39

To validate this approach, we synthesized a novel heavy-
atom-free BODIPY PS with a twisted D−A skeleton (BDP-6)
to minimize ΔEST for efficient ISC and block intramolecular
rotation for enhanced fluorescence intensity. BDP-6 NPs with
deep red emission, high ROS generation ability, and high
biocompatibility were further produced. BDP-6 NPs exhibited
excellent tumor-targeting capability and considerable PDT
performance with low dark cytotoxicity under green light
irradiation. Remarkably, outstanding performance in 2PE−
PDT for cancer cell ablation was observed for BDP-6 NPs
under two-photon excitation. Furthermore, in vivo studies

Figure 1. (a) Chemical structures and synthetic route of BDP dyes. (i) 4-bromo-2,6-dimethylbenzaldehyde, Pd(OAc)2, t-Bu3PHBF4, and K2CO3,
toluene, reflux. (ii) DMF, POCl3. (iii) 2,4-dimethypyrrole, trifluoroacetic acid (TFA), p-chloranil, Et3N, and BF3·OEt2, CH2Cl2. (b) Schematic
illustration for the preparation of BDP-6 NPs. (c) Nanoparticle size distribution of BDP PSs detected by DLS and TEM images (inset) of BDP-6
NPs. (d) UV−vis absorption and PL spectra of the BDP-5 NPs and BDP-6 NPs (10 μM, in water, λex = 490 nm). (e) ROS generation of BDP-5
NPs and BDP-6 NPs in water after irradiation by a green LED (20 mW/cm2) using DCFH-DA as ROS probe (λex = 500 nm, λem = 525 nm). (f, g)
Two-photon ROS generation efficiency of BDP-6 NPs (10 μM). (f) Plot of fluorescence intensity of DHR123 (2.5 μM) with BDP-6 NPs
according to the two-photon excitation wavelength. (g) Plot of fluorescence intensity for DHR123 with BDP-6 NPs against TP irradiation time at
780 nm (λex = 500 nm, λem = 525 nm).
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indicated that BDP-6 NPs displayed great promise for tumor-
targeted fluorescence imaging and PDT. We believe this work
will offer simple strategies to guide the design of tumor-
targeting, two-photon, heavy-atom-free nanophotosensitizers
based on BODIPY dye, thereby facilitating the development of
PDT.

2. RESULTS AND DISCUSSION
2.1. Molecular Design, Preparation of Tumor-Target-

ing NPs, Photophysical Properties of NPs. Motivated by
previous work, we designed and synthesized a heavy-atom-free
BODIPY PS (BDP-6) for enhanced PDT of cancer in this
study. Phenoxazine (PXZ) was introduced to the meso-position
of the BODIPY acceptor via the phenyl linker, which contained
two ortho-methyl groups, to block the rotational nonradiative
decay channel further. PXZ was selected as the donor because
of its strong electron-donating capability and steric bulkiness to
tune ΔEST. This leads to an efficient ISC process. BDP-6 and
BDP-5 (control compound) were obtained in good yields from
two steps starting from phenoxazine, followed by a literature
modification (Figure 1a).34 BDP-6 was fully characterized
using 1H and 13C NMR and high-resolution mass spectrometry
(Figures S1 and S2). To realize the biomedical applications in
physiological conditions, BDP-6 was encapsulated into 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl-
(poly(ethylene glycol))-2000] (DSPE-PEG(2000) biotin, an
amphiphilic matrix) to produce biocompatible and tumor-
targeting (passive and active targeting) BDP-6 NPs via
nanoprecipitation method (Figure 1b). BDP-6 NPs were
characterized by dynamic light scattering (DLS) with spherical
morphology and an average size of ∼70 nm. This matched well
with transmission electron microscopy (TEM) images (Figure
1c). As shown in Figure 1d, BDP-5 NPs and BDP-6 NPs
exhibited similar absorption spectra with a strong absorption
peak centered at 500 nm, as observed with other BODIPY
dyes.40 On the other hand, the fluorescence intensity of BDP-6
NPs with a maximum of 620 nm was much higher than that of
BDP-5 NPs, indicating the important role of dimethyl groups
in blocking BDP-6 intramolecular rotation in a restricted state.
The BDP-6 NPs were also highly stable under photoexcitation
(Figure S3).

Inspired by the remarkable fluorescence enhancement of
BDP-6 in a restricted state, we evaluated the ROS generation
capability of BDP-6 NPs in aqueous media under one-photon
excitation (green LED, 20 mW/cm2) using DCFH-DA as an
indicator. The results demonstrated that BDP-6 NPs showed
an approximately 1.6-fold higher ROS generation efficiency
than BDP-5 NPs and a similar ROS generation efficiency to
that of erythrosine B (a commonly used photosensitizer for
studies in biological systems), suggesting that BDP-6 NPs were
favorable candidates for TP-induced PDT (Figures 1e and
S4a). To that end, the TP irradiation-triggered ROS generation
of BDP-6 NPs was evaluated, where we irradiated a solution
containing BDP-6 NPs and dihydrorhodamine 123 (DHR123
is oxidized to fluorescent rhodamine 123 by ROS) with TP in a
740−840 nm (10 nm intervals) wavelength range. Upon TP
excitation at 100 mW power, we observed a sharp emission
signal at 526 nm as an indication of rhodamine 123 formation.
After 30 min at 100 mW power, DHR123 turn-on response
was highest at 780 nm, and continuous TP exposure for 160
min showed gradual ROS generation (Figure 1f,g).

2.2. Cell Imaging and One-Photon Excited PDT In
Vitro. In the preliminary biological study, we evaluated cell

imaging capability by incubating BDP-6 NPs with HeLa cells
(a cervical cancer cell line) and WI38 cells (a normal cell line),
respectively. While the red fluorescence signal in HeLa cells
with BDP-6 NPs was clearly observed, the confocal microscopy
images showed negligible red fluorescence signals in WI38
cells, as illustrated in Figures 2a and S6, indicating the high

specificity of BDP-6 NPS for cancer cells. This behavior could
be attributed to the abnormal expression of biotin receptors in
cancer cells.41 An intracellular ROS production and a dead cell
viability assay were also performed under green light excitation,
as depicted in Figure 2b. It was also observed that green light
irradiation did not cause cytotoxic effects in the absence of
BDP-6 NPs. In sharp contrast, upon green light exposure,
BDP-6 NPs displayed a low 0.35 μM half-maximal inhibitory
concentration (IC50) (Figure 2c). These results demonstrated
that BDP-6 NPs could efficiently target cancer cells and
enhance the PDT effect.

2.3. Two-Photon Excited PDT In Vitro. To investigate
the intracellular ROS generation of the BDP-6 NPs under TP
excitation, we stained HeLa cells with DCFH-DA (ROS
indicator) without BDP-6 NPs for 30 min and irradiated a
section with 780 nm TP light. The DCFH-DA fluorescence did
not increase, even with increased TP scans, indicating
insufficient ROS-mediated DCF formation. After 30 min
without DCFH-DA, constant fluorescence with TP irradiation
on BDP-6 NP-stained HeLa cells showed BDP-6 NPs
distributed in the cytoplasm. This also illustrated that BDP-6
NPs were highly photostable under TP-induced PDT
conditions (Figure S9). However, when the HeLa cells were
stained with DCFH-DA and BDP-6 NPs, the green
fluorescence of DCFH-DA was observed, and DCF intensity
was further enhanced with an increased number of TP scans,
suggesting efficient ROS generation of BDP-6 NPs in live cells
(Figures 3a and S9).

Figure 2. Fluorescence microscope images of (a) HeLa (cancer cells)
and WI38 (normal cells) cells after treatment with BDP-6 NPs (5
μM) and (b) loaded with DCFH-DA (total ROS probe) or PI (4 μM,
dead cell marker). (c) Cell viability of HeLa cells after treatment with
different concentrations of BDP-6 NPs with green light irradiation.
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Encouraged by the above results, TP-induced in vitro cellular
ablation by the BDP-6 NPs was determined. To count the live/
dead cells, we used the Hoechst 33342 and propidium iodide
(PI) cell staining method to evaluate TP-PDT efficiency in
HeLa cells.42 HeLa cells were incubated with BDP-6 NPs and
Hoechst 33342 for 30 min and irradiated a 290 μm × 290 μm
area with a 780 nm TP laser with a 5.02 mW incident power
intensity for different scans. We then added PI to the cells and
incubated them for 30 min before measuring the dead cell
ratio. Figures 3b and S11 show the TP-irradiated region
fluorescence from PI (red spots) corresponds to cell death.
With increasing numbers of scans, Hoechst 33342 (blue spots)
fluorescence decreased and PI-stained cell numbers increased.
At 500 TP irradiation scans, BDP-6 NPs-stained cells were
completely ablated, whereas the nonirradiated areas showed
living Hoechst-stained HeLa cells, indicating TP-induced PDT.

Subsequently, we subjected BDP-6 NPs to LD50 measure-
ments at different concentrations and TP laser power (1.47−
6.30 mW) to estimate TP-PDT efficiency. TP irradiation at
laser power 6.3 mW showed 50% cell death within 15 scans,
whereas a similar toxicity level at 2.4 mW took 455 scans
(Figure 3c). A clear linear relationship was observed between
log (laser power−1) and log (LD50) with 2.76 ± 0.38 linearity
gradients (Figure S11c). These results indicate that TP-
illuminated cell ablation occurs through a nonlinear PDT
process. Furthermore, we investigated IC50 under different
BDP-6 NP concentrations and an increased number of TP
scans (100−500) at 6.3 mW laser power. The IC50 values for
100, 200, 400, and 500 scans were 8.3, 5.6, 4.1, and 0.7 μM,
respectively (Figure 3d). These confirmed that BDP-6 NPs
showed a good PDT effect under TP excitation.

TP-PDT effect in 3D HeLa cell spheroids was investigated
by using ROS generation of BDP-6 NPs (Figure 4). To
prepare spheroids, HeLa cells were cultured for 48 h in a three-
dimensional (3D) cell culture dish. Next, HeLa spheroids were

incubated with DHR123 and BDP-6 NPs for 1 h. TP-PDT was
conducted by scanning along the Z-Section. Figure 5c,d shows
TP excitation at 780 nm after HeLa spheroid BDP-6 NP
staining showed bright green DR 123 fluorescence. These
results prove that BDP-6 NPs effectively generate ROS in 3D
cancer cell models upon TP irradiation.

2.4. In Vivo Imaging and PDT In Vivo. The excellent
performance of BDP-6 NPs on cellular imaging and ablation
encouraged us to further explore their potential applications in
vivo. 4T1 cells (1 × 106 cells) were selected and transplanted

Figure 3. Fluorescence microscopy image of HeLa cells stained with BDP-6 NPs (5 μM) and (a) DCFH-DA (20 μM, ROS probe) or (b) Hoechst
33342/PI as indicators (2/10 μM) followed by TP scans at 5.0 mW laser power. Scale bars = 50 μm. (c) Viability of cells incubated with BDP-6
NPs and irradiated at 780 nm at individual laser powers of 1.5, 2.4, 5.0, and 6.3 mW. (d) Cell viability estimated after 780 nm TP irradiation (6.3
mW).

Figure 4. 3D image of HeLa spheroid ROS generation using ROS
indicator DHR123. (a, b) 3D images of HeLa spheroids incubated
with DHR123 (15 μM) and BDP-6 NPs (100 μM) for 1 h. (c, d)
Fluorescence images of HeLa spheroids incubated with DHR123 (15
μM) and BDP-6 NPs (100 μM) after 400 TP irradiation scans.
Images were recorded in the 500−550 nm emission window after
excitation at 488 nm. Scale bar = 50 μm.
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subcutaneously into female BALB/c nude mice weighing
approximately 20−25 g. After 15 days of inoculation, the mice
were injected with BDP-6 NPs via the tail vein during
anesthesia. To check the biodistribution of BDP-6 NPs and the
optimized incubation time between mice models and the PS,

the fluorescence imaging at different time points (0, 0.5, 1, 2, 4,
8, and 12 h) was obtained after intravenous injection of BDP-6
NPs (10 μM, 200 μL in saline) by a living image in vivo
imaging system with an excitation of 490 nm and an emission
window of 500−575 nm. At 2 h, the fluorescence intensity of

Figure 5. (a) In vivo imaging of BDP-6 NPs (intravenous injection, 10 μM, 100 μL in saline) in female nude BALB/c mice (λex = 490 nm, λem =
500−575 nm) at different time points of 0, 0.5, 1, 2, 4, 8, 12 h. (b) Visualization of BDP-6 NPs in the mouse breast cancer model. Photographs of
untreated and PDT-treated mice models (660 nm, 200 mW/cm2, 15 min) for 1−15 days. The changes in tumor volume and weight. (c)
Photographs of untreated and PDT-treated tumors within 15 days. (d) Analysis of tumor volume. (e) 2D ex vivo imaging in separated organs
(tumor, heart, liver, spleen, lung, and kidney) sacrificed from mice models.

Figure 6. H&E staining of separated organs (heart, liver, spleen, lung, and kidney) sacrificed from untreated and PDT-treated mice models.
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the PS reached its maximum level at the tumor sites.
Therefore, 2 h was selected as the optimized incubation time.

Venous injection of BDP-6 NPs (10 μM, 200 μL in saline)
by a living image in vivo imaging system with an excitation of
490 nm and an emission window of 500−575 nm. At 2 h, the
fluorescence intensity of the PS reached its maximum level in
the tumor tissues. Therefore, 2 h was selected as the optimized
incubation time.

We further investigated the therapeutic efficacy of the PDT
treatment using BDP-6 NPs. 4T1 cells were inoculated
subcutaneously into mice to construct xenotransplantated
tumor mice models, which were then treated with BDP-6 NPs
(10 μM, 100 μL in saline) by tail intravenous injection for 1, 5,
10, and 15 days, respectively. The PBS treatment was selected
as the control group. The mice models were divided into four
groups PBS, PBS + Light, BDP-6, and BDP-6 + Light,
respectively, while the corresponding groups without PDT
treatment were used as the control groups. Then, the
fluorescence images of these mice in four groups were
recorded after 2 h tail intravenous injection of BDP-6 NPs
and PDT treatment (660 nm, 200 mW/cm2, 15 min),
respectively. As illustrated in Figure 5, the PDT treatment
group exhibited excellent tumor inhibition. On the contrary,
the fluorescence intensity showed sustainable growth in the
control groups.

Before and after PDT treatment, the in vitro tumor volume
and weight were recorded within 15 days. After the PDT
treatment, the tumor volume and weight decreased. While in
the control groups, the tumor volume and weight exhibited
sustained growth. 2D in vitro imaging of BDP-6 NPs in various
organs (heart, liver, spleen, lungs, and kidneys) and tumors
sacrificed in Figure 5 showed that BDP-6 NPs exhibited
effective tumor inhibition within 15 days. The successful
establishment and PDT efficacy of breast cancer xenotrans-
planted mouse models were also evaluated and proved by
H&E staining (Figure 6).

3. CONCLUSIONS
A novel heavy-atom-free BODIPY PSs (BDP-6) composed of
an electron-donating PXZ group and an electron-withdrawing
BODIPY core was designed and synthesized for tumor-
targeted two-photon photodynamic therapy. The photostable
and biocompatible BDP-6 NPs were produced by encapsulat-
ing BDP-6 within DSPE-PEG(2000) biotin. Compared to
BDP-5 NPs without dimethyl groups, BDP-6 NPs showed
brighter emission in the deep red region and more efficient
ROS production efficiency under one-photon excitation in
aqueous solutions. The BDP-6 NPs could selectively
accumulate in cancer cells and effectively kill cancer cells by
generating intracellular ROS under green light illumination
(one-photon) with low dark toxicity. Interestingly, upon two-
photon excitation, the BDP-6 NPs efficiently generated ROS in
both aqueous solution and living cells and consequently
exhibited excellent 2PE−PDT performance toward cancer
cells. In vivo, results demonstrated that BDP-6 NPs showed
great potential for tumor-targeted fluorescence imaging and
PDT treatment. This work provides a facile, straightforward
methodology for developing highly efficient nanophotosensi-
tizers for two-photon excited photodynamic therapy based on
heavy-atom-free BODIPY platforms.

4. EXPERIMENTAL SECTION
4.1. Synthesis of 2,6-Dimethyl-4-(10H-phenoxazin-10-yl)-

benzaldehyde (PXZ-CHO). Phenoxazine (0.5 g, 2.73 mmol), 4-
bromo-2,6-dimethylbenzaldehyde (0.64 g, 3.00 mmol), Pd(OAc)2
(0.03 g, 0.14 mmol), t-Bu3PHBF4 (0.12 g, 0.41 mmol), and K2CO3
(1.12 g, 8.10 mmol) were dissolved in toluene (15 mL). The solution
was purged with N2 and stirred at 110 °C for 24 h. Then, the crude
product was extracted with DCM (20 mL × 3). The combined
organic layers were dried over anhydrous Na2SO4 and evaporated the
solvent under reduced pressure. The resulting compound was purified
by silica gel column chromatography using dichloromethane/hexane
(1:1, v/v) as eluent to yield the 2,6-dimethyl-4-(10H-phenoxazin-10-
yl)benzaldehyde (0.82 g, 95.27%). 1H NMR (CDCl3): δ 10.67 (s,
1H), 7.11 (s, 2H), 6.71−6.59 (m, 6H), 5.98 (d, J = 7.2 Hz, 2H), 2.66
(d, J = 0.8 Hz, 6H). 13C NMR (75 MHz, CDCl3): δ 192.7, 144.4,
144.0, 132.6, 132.3, 131.4, 129.7, 123.3, 121.8, 115.6, 113.4, 20.6.

4.2. Synthesis of BDP-6. 2,6-Dimethyl-4-(10H-phenoxazin-10-
yl)benzaldehyde (0.5 g, 1.59 mmol) and 2,4-dimethylpyrrole (0.38 g,
3.96 mmol) were dissolved in dry CH2Cl2 (40 mL) under a nitrogen
atmosphere. One drop of trifluoroacetic acid (TFA) was added, and
the mixture was stirred at room temperature for 3 h. After complete
aldehyde consumption as monitored by TLC, p-chloranil (0.39 g, 1.59
mmol) was added to the reaction mixture. This mixture was stirred for
1 h, and Et3N (TEA) (3.09 mL, 2.25 g, 22.20 mmol) was added. After
30 min, BF3·OEt2 (2.74 mL, 3.15 g, 22.20 mmol) was slowly added to
the mixture. Then, the solvent was removed under reduced pressure.
The resulting compound was purified by silica gel column
chromatography using dichloromethane/hexane (3:2, v/v) as eluent
to yield pure BDP-6 (0.64 g, 76%). 1H NMR (CDCl3): δ 7.16 (s,
2H), 6.72−6.58 (m, 6H), 6.04 (s, 2H), 5.91 (dd, J = 7.7, 1.6 Hz, 2H),
2.59 (s, 6H), 2.23 (s, 6H), 1.55 (s, 6H). 13C NMR (75 MHz, CDCl3):
δ 155.9, 141.6, 139.8, 139.1, 134.7, 130.1, 123.2, 121.3, 112.9, 19.7,
14.7, 13.5. ESI-MS calcd. for C33H31BF2N3O [M + H]+: 534.2528,
found: 534.2533.

4.3. Preparation of BDP-5/BDP-6 Nanoparticles (BDP-5/
BDP-6 NPs). BDP-5/BDP-6 (1.0 mg) and 1,2-distearoyl-sn-glycero-
3-phosphoethanolamine-N-[biotinyl(poly(ethylene glycol))-2000]
(DSPE-PEG(2000) biotin, 5 mg) were dissolved in 1 mL of
tetrahydrofuran (THF). The organic mixture was added dropwise
to 10 mL of deionized water (DW). The solution was stirred
overnight to ensure THF evaporation. Then, the solution was filtered
through a 0.20 μm disposable membrane to obtain a filtered BDP-5/
BDP-6 NPs solution. After 30 min centrifugation, the supernatant was
removed with a pipet. 200 μL of DW was added to the remaining
precipitate for further use.
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