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Targeted Delivery of Mannose-Conjugated BODIPY 
Photosensitizer by Nanomicelles for Photodynamic Breast 
Cancer Therapy 
Quan Zhang,[a] Ying Cai,[a] Qiu-Yan Li,[b] Lin-Na Hao,[a] Zheng Ma,[b] Xiao-Jun Wang,*[b] and Jian Yin*[a] 

Abstract: The targeted delivery of a photosensitizer (PS) with 
appropriate carriers represents an attractive means of selectively 
delivering cargo to target tissues or subcellular compartments for 
photodynamic therapy (PDT). Herein, we report a three-arm distyryl 
BODIPY derivative conjugated with mannose units (denoted by 
BTM) that can co-assemble with Tween 80 to form nanomicelles 
(BTM-NMs) for targeted PDT. MDA-MB-231 breast cancer cells 
recognized and specifically internalized BTM-NMs via mannose 
receptor-mediated endocytosis with preferential accumulation in the 
lysosomes. These NMs could disassemble in cell lysosomes and 
subsequently induce highly efficient singlet oxygen (1O2) generation 
upon light irradiation. 1O2 disrupted the lysosomal membrane and 
promoted the escape of BTM from the lysosome into the cytoplasm, 
thereby resulting in the efficient and selective killing of cancer cells 
through PDT. This study may provide a new strategy for designing 
targeted PDT systems to fight cancer. 

Introduction 

Photodynamic therapy (PDT), a minimally invasive treatment 
of tumours and other diseases, has attracted an increasing 
amount of attention. [1] The PDT process comprises three key 
elements: light, oxygen, and a photosensitizer (PS). Cancer 
treatment via PDT involves the uptake of a PS by tumour tissue 
and irradiation with light of the appropriate wavelength. Upon 
irradiation, the excited PS transfers energy to surrounding 
molecular oxygen, resulting in generation of highly cytotoxic 
reactive oxygen species (ROS), primarily singlet oxygen (1O2).[2] 

To date, an extensive series of PSs have been developed, 
including porphyrins,[3] chlorins,[4] phthalocyanines,[5] and boron 
dipyrromethene (BODIPY). [6] However, most PSs are 
hydrophobic organic molecules and cannot target malignant 
tissues,[7] which considerably hampers their practical 
applications for PDT. 

To overcome the solubility and target specificity limitations of 
PSs, many nanocarriers, including liposomes,[8] polymeric 
nanoparticles,[9] nanomicelles (NMs),[10] and inorganic 

nanoparticles,[11] have been developed to deliver PSs for cancer 
PDT. Compared with free PSs, PS-loaded nanocarriers have 
obvious advantages, including improving bioavailability, 
prolonging the blood circulation time, and facilitating the passive 
targeting and accumulation of the PS at the tumour sites via the 
enhanced permeability and retention (EPR) effect.[12] Moreover, 
grafting targeting units, such as antibodies and folic acid, onto 
the nanocarrier surface allows active targeting, thus reducing the 
side effects by decreasing the interactions of nanocarriers with 
healthy cells.[13]  

Conjugating hydrophobic PSs with carbohydrates can make 
them amphiphilic, thereby improving their solubility in 
physiological fluids and promoting cellular recognition via 
specific carbohydrate-protein interactions on cell surfaces.[14] For 
example, a significant increase in the in vitro photosensitizing 
efficiency of porphyrins conjugated with mannose compared to 
that of their unconjugated analogue has been reported.[15] The 
mannose receptor (MR) is overexpressed on the surfaces of 
some malignant cells,[16] and mannose-functionalized 
nanocarriers can be internalized into cancer cells via receptor-
mediated endocytosis.[17] Although the individual binding of 
mannose with the MR is weak, this interaction can be improved 
by incorporating multiple mannose ligands onto one nanocarrier, 
a process that increases the binding intensity and specificity 
between the mannose-functionalized nanocarriers and 
overexpressed MRs on cancer cells.[18] To the best of our 
knowledge, no study has been reported on the use of 
carbohydrate-conjugated PS to construct nanocarriers, and thus 
to make them applicable in targeted PDT. 

In this work, we reported a new delivery system for a 
mannose-conjugated BODIPY PS (Scheme 1). A three-arm 
distyryl BODIPY PS conjugated with mannose units was 
synthesized (denoted by BTM) and co-assembled with Tween 
80 to form BTM-loaded nanomicelles (denoted by BTM-NMs). 
The molecular design of BTM is based on the following factors: 
(1) 2,6-Halogenation (I) of the BODIPY core renders it an 
efficient PS for ROS generation because of the heavy atom 
effect; (2) Incorporating distyryl moieties into the BODIPY core is 
expected to shift the absorption to the long wavelength region 
with a maximum of 665 nm, which enables deep-tissue 
penetration; (3) Because of its inherent amphiphilicity, BTM can 
co-assemble with Tween 80 to generate stable and well-defined 
NMs in aqueous media; and (4) NMs can provide a platform for 
the multivalent presentation of mannose, which increases their 
selectivity for MDA-MB-231 breast cancer cells with 
overexpressed MRs. Targeted PDT with the BTM-NMs was 
demonstrated through their phototoxicity to MDA-MB-231 cancer 
cells and nontoxicity to MCF-10A normal cells. 
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Results and Discussion 
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Scheme 1. Schematic illustration of the preparation of BTM-NMs and their application in targeted PDT. 

 
    The synthesis of BTM is shown in Scheme 2. First, compound 
1 was prepared according to reported procedures,[19] and the 
experimental details are provided in the Supporting Information 
(Scheme S1). Compound 1 was reacted with 2,4-dimethylpyrrole 
in the presence of trifluoroacetic acid, and then 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) and BF3⋅Et2O were added to 
afford 2, which was further transformed via reaction with 1-iodo-
2,5-pyrrolidinedione (NIS) into 3. Compound 4 was obtained in 
59% yield by reacting 3 with 1 in the presence of piperidine. 
Mannose was conjugated to 4 via the copper-catalysed click 
reaction between 4 and 5, and BTM was obtained in 41% yield 
after high-performance liquid chromatography (HPLC) 
purification. The chemical structures of the intermediate 
products and BTM were characterized using NMR and MS 
(Figure S1−S8, Supporting Information). To verify the molecular 
weight and purity of BTM, HPLC analysis was performed, and 
the results are shown in Figure 1. The HPLC profile showing one 
retention time of BTM at 10.05 min indicates the high purity of 
the compound. The MS data show that the molecular weight of 
BTM (m/z, M+Na+) is 1949.31, which is consistent with the 
calculated value (m/z, M+Na+, 1949.30). These experimental 
results confirm that BTM has been synthesized successfully. 

BTM was also characterized by FT-IR spectroscopy and UV-Vis 
spectrophotometry. In the FT-IR spectrum of compound 4, the 
absorption band at 2100 cm-1 is attributed to the stretching 
vibration of the azide groups (Figure S9, Supporting Information). 
After the click reaction between compounds 4 and 5, the 
spectrum of BTM shows no absorption band at 2100 cm-1. The 
strong stretching absorption band appearing at 1660 cm-1 
appears due to the formation of the triazole linkage. In the UV-
Vis spectrum, BTM has a maximum absorption at 665 nm that 
strictly followed the Lambert-Beer law, indicating that BTM did 
not form aggregates in dimethylformamide (DMF) (Figure S10, 
Supporting Information). 
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Scheme 2. Synthesis of BTM. 
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Figure 1. Mass spectrum of BTM. Inset: The HPLC profiles of BTM before and 
after purification. 

After successfully synthesizing BTM, we proceeded to 
prepare the BTM-NMs using a reprecipitation technique, i.e., 
slowly adding a DMF solution of BTM into deionized water 
containing 0.1 vol% Tween 80. To investigate the aggregation 
process, we measured the fluorescence spectra of BTM 
aggregates formed in the DMF/water mixture by varying the 
fraction of water (fw). In pure DMF, BTM showed strong 
fluorescence emission at 678 nm (Figure S11, Supporting 

Information) with a fluorescence quantum yield (Ф) of 0.17 
relative to zinc(II) phthalocyanine (ZnPc) (0.28).[20] When the 
water content in DMF was increased, an obvious decrease in 
the fluorescence intensity of BTM was observed (Figure 2a). 
When the fw in DMF was 70%, BTM clearly formed well-
dispersed nanoaggregates and exhibited a fluorescent decrease 
at 678 nm (Figure 2b). After DMF was removed by dialysis, a 
stable NM solution with a concentration of 0.4 mg mL-1 was 
obtained, and the BTM content in the BTM-NMs was estimated 
as 39 wt%. 
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Figure 2. (a) Fluorescence spectra (excitation at 610 nm) of BTM recorded in 
DMF solutions with increasing water content. The coloured lines indicate the 
volume percentage of water during the measurements. (b) Corresponding 
plots of emission intensity changes for BTM versus water content. (c) TEM 
image of as-prepared BTM-NMs when the fw in DMF was 70%. (d) TEM image 
of larger nanoaggregates when the fw in DMF was 80%. 

The morphology of the resulting BTM-NMs was determined 
using transmission electron microscopy (TEM). According to 
TEM, the BTM-NMs were roughly spherical in shape (Figure 2c) 
and were approximately 29.0 ± 3.3 nm in size. Notably, larger 
nanoaggregates with a wide size distribution (~10 nm to 200 nm) 
were obtained when the fw in DMF was 80% during the 
nanoaggregate preparation process (Figure 2d). In addition, 
irregular nanoaggregates were obtained when a 30% BTM 
solution in DMF was mixed with 70% water without 0.1 vol% 
Tween 80 (Figure S12, Supporting Information). These results 
confirm that BTM could co-assemble with Tween 80 to generate 
BTM-NMs when the fw in DMF was 70%. Dynamic light 
scattering (DLS) analysis showed that the average 
hydrodynamic diameter of the BTM-NMs in water was 
approximately 56.8 ± 4.4 nm (PDI, 0.298) (Figure S13, 
Supporting Information). The physiological stability of the BTM-
NMs was evaluated by suspending them in culture medium 
containing 10% serum. No significant size change was observed 
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after incubating the BTM-NMs in this medium for at least 72 h, 
indicating that the BTM-NMs have good stability under 
physiological conditions (Figure S14, Supporting Information). 

(a)

(b)

(c)

 

Figure 3. CLSM images of (a) MDA-MB-231 cancer cells and (b) MCF-10A 
cells treated with BTM-NMs (at a BTM dose of 8 μg mL-1) for 24 h. CLSM 
images of (c) MDA-MB-231 cancer cells treated with BTM-NMs (at a BTM 
dose of 8 μg mL-1) with mannose (1 mM) competition. For each panel, the 
three images from left to right show cell nuclei stained by DAPI (blue), BTM 
molecules in cells (red), and overlays of the two sets of images, respectively. 

The cellular uptake behaviour of BTM-NMs was monitored 
using confocal laser scanning microscopy (CLSM), as shown in 
Figure 3. MDA-MB-231 breast cancer cells with high MR 
expression (MR+) were chosen as a positive control,[14b,16b] and 
normal MCF-10A cells with low MR expression (MR-) were used 
as a negative control. Both MDA-MB-231 and MCF-10A cells 
were treated with BTM-NMs for 24 h. After the cells were 
washed with a phosphate buffered saline (PBS, pH 7.4) solution, 
the cell nuclei were stained with 4’,6-diamidino-2-phenylindole 
(DAPI) before observation. The blue fluorescence from DAPI 
signifies the cell nucleus, and the red fluorescence arises from 
the BTM molecules. More red fluorescent spots were observed 
inside MDA-MB-231 cancer cells than in MCF-10A cells, in 
which a very weak fluorescence was observed. These results 
indicated a much higher uptake of the BTM-NMs by the MDA-
MB-231 cancer cells (Figure 3a) than by the MCF-10A cells 
(Figure 3b), which was due to the low level of MR expression on 
the cellular membranes of the latter cell line. To confirm the 
association between BTM-NM uptake and MR expression, 
competition inhibition studies were performed using free 
mannose to compete with the BTM-NMs for binding with MR on 
the surface of cancer cells, potentially reducing the uptake of 
BTM-NMs into MDA-MB-231 cells. As shown in Figure 3c, when 
MDA-MB-231 cells were incubated with both BTM-NMs and free 
mannose under the same conditions, a significant inhibition of 
BTM-NM uptake due to MR competition was observed. These 

observations were further confirmed using ImageJ software 
analysis, which showed a statistically significant decrease in the 
red fluorescent intensity in BTM-NM–treated MDA-MB-231 cells 
after adding free mannose (Figure S15, Supporting Information). 
These results suggest that the BTM-NMs were taken up 
significantly more in the absence of mannose than in the 
presence of mannose because of MR-mediated endocytosis. 
Thus, BTM-NMs not only selectively target cancer cells but also 
improve the internalization of PSs within targeted cancer cells. 

The 1O2 generation efficiency was studied in DMF by 
measuring the absorbance decrease of 1,3-
diphenylisobenzofuran (DPBF) upon 665-nm LED light 
irradiation (Figure S16, Supporting Information). The 1O2 
quantum yield (ФΔ) of BTM was determined to be 0.58 using 
ZnPc as the standard PS (ФΔ = 0.60 in DMF).[21] Moreover, the 
1O2 generation capability of BTM-NMs was evaluated using a 
chemical method with 9,10-
anthracenediylbis(methylene)dimalonic acid (ABDA) as the 1O2 
trapping agent.[22] ABDA reacts with 1O2 to produce the 
corresponding endoperoxide and then change its absorption. A 
typical absorption spectrum of ABDA in water shows two 
characteristic bands at 412 and 435 nm, and no significant 
change was observed when an aqueous solution of ABDA was 
irradiated with a 665-nm LED light (20 mW cm-2, 10 min) (Figure 
S17, Supporting Information). However, the absorption of ABDA 
decreased continuously when a mixture of ABDA and BTM-NMs 
in water was irradiated under the same conditions. Thus, these 
results confirmed the efficient generation of 1O2 from BTM-NMs 
in aqueous conditions. 

The intracellular 1O2 production of the BTM-NMs was 
investigated using fluorescence microscopy imaging with the 
probe dichlorofluorescein diacetate (DCFH-DA), which can be 
oxidized by 1O2 into dichlorofluorescein (DCF), a compound that 
emits green fluorescence.[23] MDA-MB-231 cancer cells were 
incubated with BTM-NMs for 24 h, and then DCFH-DA was 
added, followed by irradiation with the 665-nm LED light (20 mW 
cm-2) for 10 min. After being washed with PBS, the cells were 
monitored in real time via excitation at 488 nm using a confocal 
microscope. As shown in Figure 4a, obvious DCF fluorescence 
can be detected after 665-nm light irradiation, whereas no 
fluorescence was observed without irradiation. In addition, the 
morphology of the MDA-MB-231 cancer cells significantly 
changed after irradiation, indicating that the BTM-NPs can 
induce serious photodynamic cellular damage and eventual 
apoptosis. Moreover, the fluorescence intensity clearly 
decreased in the presence of sodium azide, a well-known 1O2 
scavenger (Figure 4b).[24] These results indicate that BTM can 
efficiently produce intracellular 1O2 in the irradiated region after 
the internalization of BTM-NMs in MDA-MB-231 cancer cells via 
receptor-mediated endocytosis. Based on our cell experiment 
results, 1O2 was produced from endocytosed BTM-NMs in the 
cells (Figure 3), and the red fluorescence of BTM was observed 
inside the cell (Figure 3). Thus, we can conclude that BTM-NMs 
disassemble into BTM molecules in the MDA-MB-231 cancer 
cells after being internalized via receptor-mediated endocytosis. 
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Figure 4. (a) CLSM images of MDA-MB-231 cancer cells treated with BTM-
NMs (at a BTM dose of 8 μg mL-1) for 24 h followed by DCFH-DA staining and 
irradiation (665 nm, 20 mW cm-2) for 15 min. (b) Detection of intracellular 1O2 
by DCFH-DA staining in MDA-MB-231 cancer cells incubated with BTM-NMs 
(at a BTM dose of 8 μg mL-1) in the presence or absence of sodium azide. The 
green fluorescence is from the product of DCFA-DA oxidation by 1O2. 

LysoTracker BTM-NMs Merge

 

Figure 5. CLSM images of live MDA-MB-231 cells after 24 h of incubation with 
BTM-NMs (at a BTM dose of 8 μg mL-1) with or without irradiation. When 
colocalized, the green and red spots produce a yellow colour, which is due to 
BTM molecules trapped inside the cell lysosomes. 

    To investigate the intracellular distribution of the BTM-NMs, 
MDA-MB-231 breast cancer cells were incubated with the 
nanocarriers for 24 h and then treated with LysoTracker, a 
marker of late endosomal and lysosomal vesicles. CLSM was 
employed to observe the BTM-NM intracellular distribution with 
and without irradiation. Green fluorescence denotes the 
LysoTracker-labelled lysosomes, and red fluorescence is from 
the intracellular BTM molecules. The NMs located inside the 

lysosomes were yellow because of the overlap between the 
green (LysoTracker) and red (BTM) fluorescent spots. Figure 5 
shows that the red BTM fluorescence had a colocalization 
percentage of approximately 91% with the lysosomes in the 
absence of irradiation, indicating effective endocytosis into the 
lysosomes upon cell internalization. However, BTM exhibited a 
poor colocalization of 45% with the lysosomes in the presence of 
irradiation, suggesting that BTM could escape from the 
lysosome after irradiation and was distributed in the cytoplasm. 
Interestingly, the lysosomal disruption was significantly inhibited 
in the presence of sodium azide under irradiation, as under 
these conditions a colocalization percentage between BTM and 
lysosomes of 82% was observed. These results reveal that 
lysosomal disruption is attributable to the damage caused by the 
intracellular 1O2 generated upon irradiation. 
    To observe the effects of targeted PDT, a glucose-conjugated 
BODIPY PS (BTG) was synthesized using similar methods to 
BTM, except glucose units were used instead of mannose units. 
Subsequently, glucose-functionalized nanomicelles (BTG-NMs) 
were prepared as a control sample. MDA-MB-231 cancer cells 
were incubated with BTM-NMs or BTG-NMs at the same PS-
equivalent dose (8 μg mL-1). After 24 h, the cells were stained 
with DAPI to examine changes in the nuclear morphology after 
PDT.[25] As shown in Figure 6a, the nuclei in MDA-MB-231 cells 
treated with BTG-NMs and irradiated with 665 nm LED light 
irradiation (20 mW cm-2) did not change. By contrast, the nuclei 
of MDA-MB-231 cancer cells treated with BTM-NMs under the 
same irradiation conditions were significantly damaged. In 
addition, BTG-NMs and BTM-NMs were individually incubated 
with MDA-MB-231 cancer cells under the same conditions for 24 
h. After being washed three times with PBS, the cells were 
irradiated with 665 nm LED light (20 mW cm-2) for 30 min and 
then co-stained with calcein-AM and PI.[26] Green fluorescence 
represents live cells stained with calcein-AM, and red 
fluorescence denotes dead cells stained with PI. After being 
washed another three times with PBS, the cells were monitored 
using a confocal microscope. As shown in Figure 6b, only a few 
cells incubated with BTG-NMs were photodamaged, whereas 
almost no live cells were found after they were treated with 
BTM-NMs. These results confirmed that the BTM-NMs have 
greater cellular uptake and intracellular ROS production than the 
BTG-NMs. Moreover, we can clearly observe that barely any 
cells in the irradiation region are alive, which further 
demonstrates that BTM-NMs can specifically kill cancer cells 
under 665-nm light irradiation (Figure S18, Supporting 
Information). 
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Figure 6. (a) CLSM images of cell nuclei stained by DAPI for assessing 
nuclear damage after light irradiation (665 nm, 20 mW cm-2) for 30 min. Scale 
bar: 20 μm. (b) CLSM images of a live/dead assay (calcein-AM/PI) performed 
on co-stained MDA-MB-231 cells after being incubated with BTG-NMs or 
BTM-NMs and then being irradiated (665 nm, 20 mW cm-2) for 30 min. The 
cells were co-stained with calcein-AM (green, live cells) and PI (red, dead 
cells). Scale bar: 100 μm. 

    The targeted PDT efficacy of the BTM-NMs was further 
evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. [27] First, MDA-MB-231 
(MR+) and MCF-10A (MR-) cells were incubated with different 
concentrations of either BTG-NMs or BTM-NMs. After being 
washed with PBS, the cells were irradiated with the 665-nm LED 
light for 30 min. For the MCF-10A cells, the two samples showed 
similar cell viability (Figure 7a). Conversely, MDA-MB-231 cells 
treated with the BTM-NMs exhibited much lower cell viability 
than those treated with the BTG-NMs (Figure 7b), indicating that 
the targeting effect of BTM-NMs through MR-mediated 
endocytosis increased the internalization of the NMs and thus 
led to a high percentage of BTM being taken up by MDA-MB-
231 cells. Next, we assessed the phototoxicity of BTG-NMs and 
BTM-NMs with different light irradiation times. Whereas the 
phototoxicity of the BTM-NMs was found to be similar to that of 
the BTG-NMs for MCF-10A normal cells (Figure 7c), a significant 
difference between the two NMs was observed for MDA-MB-231 
cancer cells. As the irradiation time was prolonged, the 
phototoxicity of the BTM-NMs gradually became higher than that 
of the BTG-NMs (Figure 7d). These results confirm the time-
dependent PDT effect and MR-mediated cancer cell targeting 
properties of the BTM-NMs. Furthermore, the dark toxicity of the 
BTG-NMs and BTM-NMs was also investigated (Figure S19, 
Supporting Information). Without light irradiation, a negligible 
toxicity to both MDA-MB-231 cells and MCF-10A cells was 
observed for the two NMs, even at a high concentration (30 μg 
mL-1). No concentration-dependent toxic effect was found, 
indicating that the internalization of the present dose of NMs is 
minimally cytotoxic. 
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Figure 7. Viability of (a) MCF-10A normal cells and (b) MDA-MB-231 cancer 
cells after being incubated for 24 h with different PS concentrations of BTG-
NMs or BTM-NMs and then being irradiated (665 nm, 20 mW cm-2) for 30 min. 
Time-dependent PDT effects on (c) MCF-10A normal cells and (d) MDA-MB-
231 cancer cells incubated with BTG-NMs or BTM-NMs at the same PS-
equivalent dose of 12 μg mL-1 and then irradiated (665 nm, 20 mW cm-2) for 
different times. 

Conclusions 

In summary, a three-arm distyryl BODIPY PS conjugated with 
mannose units was synthesized and used to prepare mannose-
functionalized nanomicelles for targeted PDT against MDA-MB-
231 breast cancer cells. After selectively being internalized into 
MDA-MB-231 breast cancer cells via receptor-mediated 
endocytosis, the BTM-NMs can disassemble into BTM 
molecules in the cell lysosomes and efficiently generate 1O2 
upon light irradiation. 1O2 disrupted the lysosomal membrane 
and promoted the escape of BTM from lysosome into the 
cytoplasm, thereby facilitating 1O2 reaching organelles such as 
the nucleus and mitochondria for enhanced photodynamic cell 
damage. The BTM-NMs exhibit excellent targeted delivery of the 
PS that not only leads to selective cancer cell death but also 
minimizes damage to normal cells after irradiation. Therefore, 
the current research has demonstrated the potential of this 
system to deliver PSs for enhanced PDT of breast cancer cells. 

Experimental Section 

Materials 

2-[2-(2-chloroethoxy)ethoxy]ethanol, ABDA, boron trifluoride diethyl 
etherate (BF3⋅Et2O), copper sulfate pentahydrate (CuSO4·5H2O), DAPI, 
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), DCFH-DA, 
dichloromethane (DCM, 99.5%), 2,4-dimethylpyrrole, 4-
(dimethylamino)pyridine (DMAP), DMF (99.5%), DPBF, MTT, Dulbecco’s 
modified Eagle’s medium (DMEM), ethyl acetate (EtOAc, 99.5%), foetal 
bovine serum (FBS), 4-hydroxybenzaldehyde, NIS, LysoTracker probes 
(Green DND), α-D-mannose, methanol (MeOH, 99.5%), PBS (pH 7.4), 
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piperidine, sodium ascorbate, tetrahydrofuran (THF, 99.0%), p-
toluenesulfonic acid (TsOH), p-toluenesulfonyl chloride (TsCl), 
triethylamine (Et3N), trifluoroacetic acid (TFA), and trimethylsilyl 
trifluoromethanesulfonate (TMSOTf) were purchased commercially and 
used without further purification. All aqueous solutions were prepared 
using ultrapure water from a Milli-Q system (Millipore, USA). 

Characterization 

1H NMR spectra were obtained on a Bruker Avance spectrometer 
operating at 400 MHz. HPLC was performed on an Agilent HPLC system 
equipped with a UV detector (665 nm). The analytical column was an 
Agilent Zorbax XDB-C18 (5 μm particles, 4.6 × 150 mm). The following 
two eluents were used: A contained 100% H2O, and B contained 100% 
CH3OH. B was increased from 70% to 100% over 20 min at a flow rate of 
0.8 mL min-1. TEM images were obtained on a HITACHI H-7650 TEM at 
80 kV. UV-Vis absorption spectra and fluorescence spectra were 
recorded on a Hitachi U-3900 UV-Vis spectrophotometer and a Hitachi F-
7000 spectrophotometer, respectively. Hydrodynamic diameter and zeta 
potential measurements were performed at 25 °C on a Malvern Zetasizer 
NanoZS instrument. All the measurements were performed with the NMs 
suspended in filtered water or filtered cell culture medium at a 
concentration of 30 μg mL-1. A Nikon confocal microscope was used for 
cell imaging. An LED lamp with a light density of 20 mW cm-2, which was 
monitored using a light power meter (NEWPORT Model 842-PE), was 
used. 

Synthesis of compound 1 

The synthetic procedures are described in the Supporting Information. 

Synthesis of compound 2 

To a solution of compound 1 (1.1 g, 3.94 mmol) in anhydrous DCM (120 
mL) were added 2,4-dimethylpyrrole (0.9 g, 9.46 mmol) and TFA (0.3 mL) 
at room temperature. The mixture was stirred under a nitrogen 
atmosphere for 12 h. To this solution was added DDQ (2.0 g, 8.16 mmol), 
and the resulting mixture was stirred for 30 min at room temperature. 
After the mixture was cooled in an ice bath, Et3N (10 mL, 135.4 mmol) 
was added dropwise to the mixture. After 30 min, BF3⋅Et2O (12 mL, 95.12 
mmol) was added dropwise, and the reaction mixture was stirred for 10 h 
at 0 °C and allowed to warm to room temperature. After the mixture was 
diluted with DCM (500 mL) and washed with water (400 mL), the organic 
layer was dried over anhydrous Na2SO4. Following evaporation of the 
solvent, the product was purified by column chromatography on silica gel 
(DCM/EtOAc=50:1) to provide compound 2 (0.58 g, yield: 30%). 1H NMR 
(400 MHz, CDCl3) δ=1.42 (s, 6H), 2.54 (s, 6H), 3.40 (t, J=5.0, 2H), 3.71 
(m, 4H), 3.77 (m, 2H), 3.92 (dd, J=5.6, 3.8, 2H), 4.19 (dd, J=5.7, 3.8, 2H), 
5.97 (s, 2H), 7.02 (d, J=8.6, 2H), 7.15 (d, J=8.6, 2H). ESI-MS: m/z calcd 
for C25H30BF2N5O3: 497.24; found: 519.96 [M+Na]+. 

Synthesis of compound 3 

To a solution of compound 2 (0.3 g, 0.61 mmol) in DCM (30 mL) was 
added 1-iodo-2,5-pyrrolidinedione (NIS) (0.33 g, 1.47 mmol) at room 
temperature, and the resulting mixture was stirred in the dark for 5 h. 
After the solvent was removed under reduced pressure, the residue was 
purified by column chromatography on silica gel (DCM/EtOAc=100:1) to 
afford compound 3 (0.42 g, yield: 92%). 1H NMR (400 MHz, CDCl3) 
δ=1.44 (s, 6H), 2.64 (s, 6H), 3.41 (t, J=5.0, 2H), 3.71 (m, 4H), 3.80 (m, 
J=5.3, 2.1, 2H), 3.94 (dd, J=5.6, 3.7, 2H), 4.21 (dd, J=5.7, 3.7, 2H), 7.13 
(d, J=8.6, 2H), 7.05 (d, J=8.6, 2H). 13C NMR (101 MHz, CDCl3) δ=159.76, 
156.57, 145.35, 141.53, 131.70, 130.17, 129.05, 126.88, 115.50, 70.95, 

70.79, 70.14, 69.80, 67.57, 50.70, 29.70, 22.70, 17.18, 15.99, 14.13. 
ESI-MS: m/z calcd for C25H28BF2I2N5O3: 749.03; found: 771.97 [M+Na]+. 

Synthesis of compound 4 

To a solution of compound 3 (0.3 g, 0.40 mmol) in toluene (55 mL) were 
added compound 1 (0.34 g, 1.22 mmol), piperidine (3 mL), and a 
catalytic amount of TsOH under a nitrogen atmosphere, and then the 
resulting solution was stirred for 5 h at 140 °C. After being cooled to room 
temperature, the reaction mixture was diluted with DCM (400 mL) and 
washed twice with water (600 mL). The organic layer was dried over 
anhydrous Na2SO4, and the solvent was evaporated in vacuo. The crude 
product was purified by column chromatography on silica gel 
(DCM/EtOAc=25:2) to provide compound 4 (0.30 g, yield: 59%). 1H NMR 
(400 MHz, CDCl3) δ=1.50 (s, 6H), 3.41 (q, J=5.9, 5.0, 6H), 3.75 (m, 18H), 
3.92 (m, 6H), 4.21 (m, 6 H), 6.97 (d, J=8.8, 4H), 7.06 (d, J=8.6, 2H), 7.16 
(d, J=8.6, 2H), 7.59 (m, 6H), 8.12 (d, J=16.9, 2H). 13C NMR (101 MHz, 
CDCl3) δ=158.90, 149.39, 144.70, 137.98, 132.23, 128.77, 128.59, 
128.20, 126.46, 115.82, 114.47, 113.98, 69.92, 69.75, 69.10, 68.78, 
66.56, 49.70, 28.67, 21.67, 16.69. ESI-MS: m/z calcd for 
C51H58BF2I2N11O9: 1271.26; found: 1294.40 [M+Na]+. 

Synthesis of BTM 

To a solution of compound 4 (100 mg, 78.67 μmol) in DMF and H2O (8 
mL, 15:1, v/v) were added compound 5 (86 mg, 394.12 μmol), 
CuSO4·5H2O (6.5 mg, 26.09 μmol), and sodium ascorbate (8.7 mg, 43.92 
μmol) at room temperature. The reaction mixture was stirred at room 
temperature for 48 h. After the insoluble solid was removed by filtration, 
the solvent was removed in vacuo. The residue was dissolved in H2O 
and purified using C18 reversed-phase HPLC. The product was 
lyophilized to afford BTM (62 mg, 41%). 1H NMR (400 MHz, DMSO-d6) 
δ=1.47 (s, 6H), 3.36 – 3.63 (m, 30H), 3.66 – 3.79 (m, 10H), 3.84 (m, 5H), 
4.15 (m, 6H), 4.46 – 4.59 (m, 14H), 4.67 (dd, J=12.2, 2.9, 3H), 4.73 (m, 
7H), 7.07 (d, J=7.3, 4H), 7.16 (d, J=8.3, 2H), 7.34 (d, J=8.3, 2H), 7.44 (d, 
J=5.3, 2H), 7.58 (d, J=8.4, 4H), 8.10 (m, 5H). 13C NMR (101 MHz, 
DMSO-d6) δ=160.38, 143.86, 139.14, 129.41, 129.09, 124.91, 115.78, 
99.46, 70.68, 70.26, 70.03, 69.18, 67.86, 67.48, 61.77, 58.51, 56.96, 
49.81, 17.77. ESI-MS: m/z calcd for C78H100BF2I2N11O27: 1926.30; found: 
1949.31 [M+Na]+. 

Preparation of BTM-NMs and BTG-NMs 

BTM (5 mg) was dissolved in DMF (5 mL) and used as a stock solution. 
Then, 0.6 mL of the stock solution was added dropwise into deionized 
water (1.4 mL) containing 0.1 vol% Tween 80 under vigorous stirring. An 
NM dispersion of the BTM-NMs in aqueous solution (0.4 mg/mL) was 
obtained after dialyzing (MW 3500) with water to remove excess Tween 
80 and DMF. BTG-NMs were prepared using BTG (5 mg) according to 
the same steps as those described for BTM-NM formation. To determine 
the concentration of BTM in the NM suspension, water was first removed 
by lyophilization, and the solid sample of the NMs was dissolved in DMF. 
The amount of BTM in DMF was calibrated based on a standard curve of 
concentration vs. absorbance determined by UV-Vis spectroscopy.  

Detection of singlet oxygen generation in water 

ABDA was used to evaluate the 1O2 generation of the BTM-NMs in water. 
In this method, ABDA was dissolved in water (3 mL, 0.01 μg mL-1), and 
then a solution of BTM-NMs in water (20 μL, 0.5 mg mL-1) was added. 
The resulting solution was then subjected to light irradiation from a 665 
nm LED lamp with a light density of 20 mW cm-2 that was set near 
(approximately 2 cm) to the quartz cuvette. At each predetermined 
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interval, the absorption spectrum of the solution was recorded. ABDA in 
water (3 mL, 0.01 μg mL-1) was used as a control. 

Cell culture 

MDA-MB-231 (breast cancer) cells and MCF-10A (breast normal) cells 
were cultured in DMEM containing 10% FBS, penicillin (100 U mL-1), and 
streptomycin (100 μg mL-1) in a humidified atmosphere with 5% CO2 at 
37 °C. 

Cell uptake of BTM-NMs 

MDA-MB-231 cells were seeded in 35-mm plastic-bottomed Ibidi μ-
dishes and allowed to grow for 24 h. After incubation with BTM-NMs (at a 
BTM dose of 8 μg mL-1) in culture medium for 24 h, the cells were 
washed three times with PBS (pH 7.4) and then fixed with 4.0% 
formaldehyde at room temperature for 15 min. After being washed with 
PBS, the cells were stained with DAPI (1 μg mL-1) for 15 min. After being 
washed again with PBS, the cells were observed under a confocal 
microscope (100 × oil objective, 408/561 nm excitation). 

Localization of BTM-NMs 

MDA-MB-231 cells or MCF-10A cells were seeded according to the 
abovementioned procedure. The cells were washed three times with PBS 
(pH 7.4) and then incubated with BTM-NMs (at a BTM dose of 8 μg mL-1) 
in culture medium at 37 °C. After 24 h of incubation, the medium was 
removed, and the cells were washed three times with PBS and treated 
with LysoTracker Green DND-99 solution (50 nM) in DMEM at 37 °C for 
30 min. After being washed with fresh medium, the cells were irradiated 
with or without an LED light (665 nm, 20 mW cm-2) for 15 min. Finally, the 
cells were examined under an inverted Nikon confocal microscope (100 × 
oil objective, 488/561 nm excitation). 

Phototoxicity assay 

The cells were seeded into a 96-well plate at density of 1 × 104 cells per 
well within DMEM (100 μL) for 24 h. The culture medium was then 
replaced with fresh culture medium (100 μL) containing either BTM-NMs 
or BTG-NMs at different PS concentrations. After 24 h, the cells were 
washed three times with PBS, and the wells were refilled with 100 μL of 
fresh culture medium. The plates were irradiated with 665 nm LED light 
for 30 min. The distance between the 96-well plate and light source is 
approximately 2 cm, and the light power at the 96-well plate position is 20 
mW cm-2. The cells were further cultured for 12 h, and the culture 
medium from each well was replaced with 100 μL of medium containing 
MTT (0.5 mg mL-1). After another 4 h of incubation, culture supernatants 
were removed, and DMSO (100 μL) was added into each well. The plate 
was gently shaken for 10 min, and the absorbance at 570 nm was 
recorded on a BioTek Synergy H4 microplate reader. The relative cell 
viability compared to the control wells treated with only medium was 
calculated using [A]test/[A]control, where [A]test and [A]control are the average 
absorbance of the test and control samples, respectively. 
 
Statistical analysis 

Statistical analysis was performed using Student’s t-test. Data were 
collected from three or more replicates for each experiment and are 
presented as the mean ± standard deviation. Differences were 
considered to be statistically significant (*p<0.05, **p<0.01). 
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