
Ultralow-Power Near Infrared Lamp Light Operable Targeted
Organic Nanoparticle Photodynamic Therapy
Ling Huang,†,‡ Zhanjun Li,† Yang Zhao,†,§ Yuanwei Zhang,† Shuang Wu,‡ Jianzhang Zhao,‡

and Gang Han*,†

†Department of Biochemistry and Molecular Pharmacology, University of Massachusetts Medical School, Worcester, Massachusetts
01605, United States
‡State Key Laboratory of Fine Chemicals, School of Chemical Engineering, Dalian University of Technology, E-208 West Campus, 2
Ling-Gong Road, Dalian 116024, P. R. China
§Department of Radiology, The Second Hospital of Tianjin Medical University, Tianjin, 300211 China

*S Supporting Information

ABSTRACT: Tissue penetration depth is a major challenge in
practical photodynamic therapy (PDT). A biocompatible and highly
effective near infrared (NIR)-light-absorbing carbazole-substituted
BODIPY (Car-BDP) molecule is reported as a class of imaging-
guidable deep-tissue activatable photosensitizers for PDT. Car-BDP
possesses an intense, broad NIR absorption band (600−800 nm)
with a remarkably high singlet oxygen quantum yield (ΦΔ = 67%).
After being encapsulated with biodegradable PLA−PEG-FA
polymers, Car-BDP can form uniform and small organic nano-
particles that are water-soluble and tumor-targetable. Rather than
using laser light, such nanoparticles offer an unprecedented deep-tissue, tumor targeting photodynamic therapeutic effect by
using an exceptionally low-power-density and cost-effective lamp light (12 mW cm−2). In addition, these nanoparticles can be
simultaneously traced in vivo due to their excellent NIR fluorescence. This study signals a major step forward in photodynamic
therapy by developing a new class of NIR-absorbing biocompatible organic nanoparticles for effective targeting and treatment of
deep-tissue tumors. This work also provides a potential new platform for precise tumor-targeting theranostics and novel
opportunities for future affordable clinical cancer treatment.

■ INTRODUCTION

Photodynamic therapy (PDT) is a rapidly developing cancer
treatment due to its minimally invasive nature, fewer side
effects, and less damage to marginal tissues than occur with
conventional cancer treatments such as chemotherapy and
radiotherapy.1 In the past two decades, PDT has attracted
increasing attention both in fundamental research and clinical
practice.2−4 Generally, PDT utilizes a photosensitizer that
works as a light-sensitive drug to treat the targeted tissue locally
upon irradiation with light at appropriate wavelengths. The
mechanism of PDT is based on the interaction between the
excited photosensitizer and the surrounding molecules, which
generates reactive oxygen species (ROS) such as singlet oxygen
(1O2). ROS in PDT can cause oxidative damage to cancer cells
and, ultimately, be used as a cancer treatment.1−6

Since near infrared (NIR) light has much deeper tissue
penetration than visible light, considerable efforts have been
made to develop NIR-light-activated PDT molecules for cancer
treatment at the deep-tissue level.7,8 However, because of their
weak absorption and low singlet oxygen quantum yield upon
NIR irradiation, the clinical use of PDT drugs for deep-tissue
cancer treatment remains challenging; for example, the
absorption of the FDA-approved PDT drug PpIX is quite

weak in the NIR region.7,8 To address this issue, lanthanide-
doped up-converting nanoparticles (UCNPs) were developed
as in vivo phototransducers that can be excited by NIR light
and emit in the visible spectrum, overlapping with the
activation wavelengths of PDT drugs.9−11 We prepared
UCNPs (NaYF4:Yb,Er) conjugated with prodrug (ALA)
nanocomposites for PDT of deep tumors. However, the deep
tissue therapeutic outcome was suboptimal; for example, less
than 60% tumor volume inhibition was observed by intratumor
injection at the deep-tissue level (e.g., 6 mm) under a coherent
980 nm laser beam when compared to shallow tissue studies.11

In addition, to date, the physiological toxicity and systemic
clearance of the rare-earth components in inorganic UCNPs are
unclear.12,13

Thus, the utilization and development of organic photo-
sensitizer molecules that are biocompatible, biodegradable, and
have intensive-absorption and high-singlet-oxygen quantum
yield in the NIR region are highly desirable for deep-tissue
tumor PDT.4,5 To date, although several photosensitizers such
as azo-BODIPY molecules and their loaded nanoparticles were
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reported to respond to NIR light activation of such compounds,
PDT typically requires a laser beam with relatively high power
density (>100 mW cm−2),14−17 and such utilization was only
limited to shallow-tissue PDT study.

■ RESULTS AND DISCUSSION
To achieve PDT in deep-tissue tumors by using only low-
power-density cost-effective incoherent lamp-light excitation,
we designed a carbazole-substituted BODIPY (Car-BDP)
molecule as a new highly NIR-sensitive photosensitizer. As
shown in Scheme 1, compared with currently used BODIPY

photosensitizers, such as 2,6-diiodio-BODIPY (B-1, ε = 85 000
M−1 cm−1 at 525 nm)18−25 and 2,6-diiodiodistyl-BODIPY (B-2,
ε = 77 000 M−1 cm−1 at 630 nm; B-3, ε = 98 000 M−1 cm−1 at
661 nm)26,27 (see Table S1 and Scheme S2 in the Supporting
Information), BODIPY dimer28 and BODIPY-modified iridium
complexes,29 Car-BDP presented significantly broader and
more intense absorption in the NIR region due to the large π-
core of the carbazole moiety (Figure 1a). In addition, the NIR

fluorescence of Car-BDP had an emission peak at 755 nm, and
the fluorescence quantum yield was determined (ΦF = 4%;
Figure 1b). It is worthwhile noting that such high singlet
quantum yield alongside strong NIR fluorescence is rare due to
the fast intersystem-crossing (ISC) rate and the consequent
poor fluorescence quantum yield of most conventional used

sensitizers.30 More importantly, we found that Car-BDP
showed a remarkably high singlet-oxygen yield (ΦΔ = 67%).
Car-BDP molecule was water solubilized by encapsulating it

with tumor targetable amphiphilic polymer PLA−PEG-FA to
generate dye-loaded nanomicelles (Car-BDP-TNM); the dye-
entrapment efficiency of Car-BDP in the polymer was
determined to be high (74%) by the UV−vis absorption
method. Car-BDP-TNM is significantly smaller than previously
reported PDT nanoparticles.15−17 First, the morphology and
size of Car-BDP-TNM were measured by using transmission
electron microscopy (TEM). The TEM image in Figure 2,

panel b shows that Car-BDP-TNM consisted of uniform
spherical nanoparticles with a diameter of roughly 13.7 ± 3.4
nm. In addition, the hydrodynamic diameter was 23.8 ± 3.2
nm, as measured by dynamic light scattering (DLS) experi-
ments (Figure 2a). Car-BDP-TNM also showed outstanding
colloidal stability in phosphate-buffered saline (PBS); after 50
days, the hydrodynamic diameter remained at 22.2 ± 2.3 nm,
and no significant aggregation was observed (Figure S3).
Next, the photophysical properties of Car-BDP-TNM were

measured in PBS; the nanoparticles exhibited intense and broad
absorption in the NIR region from 650−800 nm (Figure 3a).

Car-BDP-TNM displayed NIR emission in PBS (ΦF = 1%).
This excellent NIR florescence property enables these organic
nanoparticles to be simultaneously traced in vivo during the
PDT. The singlet oxygen (1O2) quantum yield (ΦΔ) induced
by Car-BDP-TNM (ΦΔ = 58%) under 710 nm light irradiation
from an Horiba spectrometer was evaluated with 1,3-
diphenylbenzofuran (DPBF) as an 1O2 indicator.31 As
illustrated in Figure 3, panel b, upon addition of Car-BDP-

Scheme 1. (a) Schematic Illustration of NIR-Mediated PDT;
(b) Car-BDP-TNM Construction and Molecular Structures
of Car-BDP, PLA−PEG, and PLA−PEG-FA

Figure 1. (a) Normalized UV−vis absorption spectra of B-1 to B-3
and Car-BDP; (b) normalized fluorescence emission spectra of B-1 to
B-3 and Car-BDP.

Figure 2. (a) The hydrodynamic diameter of Car-BDP-TNM in PBS
via DLS; inset photograph shows Car-BDP-TNM solution. (b) TEM
image of Car-BDP-TNM stained by phosphotungstic acid, scale bar
represents 100 nm.

Figure 3. (a) Normalized UV−vis absorption and normalized
fluorescence spectra of Car-BDP-TNM in PBS, λex = 690 nm. (b)
Change of DPBF UV−vis absorption spectra when Car-BDP-TNM
was added as photosensitizer. (c) Plots of change in the optical density
of DPBF at 415 nm versus the irradiation time of pork tissue of
different thicknesses, where Car-BDP-TNM was used as the
photosensitizer. In PBS containing 10% THF, the excitation ranged
from 670−800 nm, with a power intensity of 12 mW cm−2 of halogen
lamp light.
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TNM to the solution, the absorption of the DBPF solution
decreased significantly at a wavelength of 415 nm over 120 s of
NIR irradiation under a ultralow-power-intensity (12 mW
cm−2) incoherent halogen lamp light irradiation (band-pass
filter 670−800 nm), which suggests efficient generation of
singlet oxygen species. Singlet oxygen generation at the deep-
tissue level was also measured (Figure 3c) using varied
thicknesses of pork tissue under a lamp light source. Even
when the tissue was as thick as 8 mm, we still observed a
significant decline in DPBF absorption. Such efficient singlet
oxygen production in an aqueous solution is indeed essential
for deep-tissue PDT. Moreover, Car-BDP-TNM exhibited
superior photostability (Figure S4) and excellent pH stability
(Figure S5), both of which are critical for biomedical
applications.
A successful PDT photosensitizer needs to exhibit low

cytotoxicity in the dark but significant cancer cell death when
exposed to light. In our in vitro study, the cytotoxicity of the
Car-BDP-TNM to HeLa cells was examined by using the MTT
assay, both in the presence and the absence of irradiation with
670−800 nm light (Figure 4a). In the absence of light, Car-

BDP-TNM was negligibly cytotoxic. In contrast, it exhibited
high cytotoxicity under irradiation with the aforementioned
670−800 nm light (power intensity of 12 mW cm−2). In
addition, Car-BDP-TNM showed excellent inhibition of
growth of 4T1 cells (breast cancer cells; Figures 5c and S10).
Our Car-BDP-TNM-mediated PDT nanoparticles are superior
to the widely used ZnPc counterpart nanoparticles (ZnPC-
NM) with the same excitation source and power intensity (see
Figure S8).
We then studied the tumor-cell-targeting ability of these

nanoparticles with and without the inclusion of folate ligands.

As a control, we adopted a PLA−PEG polymer to encapsulate
the Car-BDP to generate folate-free nanomicelles (Car-BDP-
NNM) (Figure S6). In our study, HeLa cells with Car-BDP-
TNM fluoresced more brightly than those with Car-BDP-
NNM (Figure S12). This result shows that folate ligands
indeed improve the uptake of nanoparticles. We also conducted
MTT assays to evaluate Car-BDP-TNM- and Car-BDP-NNM-
induced PDT effects. Figure 4, panel a shows that Car-BDP-
TNM leads to significantly more death in cancer cells than Car-
BDP-NNM. We also compared the phototoxicity of our system
to cancer cells (i.e., HeLa) and normal cells (i.e., human skin
epidermal Greengo cells). Clearly, Car-BDP-TNM had a
higher cell-killing effect in cancers than in normal healthy tissue
cell. (Figure 5b).
Further, the mechanism of Car-BDP-TNM-mediated PDT

was validated by using fluorescence microscopy imaging with
2,7-dichlorofluorescein diacetate (DCFDA), a standard fluo-
rescent indicator for singlet-oxygen generation in living cells.10

Here, we observed bright green fluorescence in HeLa cells in
the presence of Car-BDP-TNM. However, in the absence of
light and sensitizer, we observed no green fluorescence. Sodium
azide, a widely accepted singlet-oxygen scavenger was also used
in our control experiments.8 In the presence of sodium azide
(Figure 4c), we were unable to observe green fluorescence,
suggesting that sodium azide efficiently inhibited singlet-oxygen
production and prevented cancer-cell death. These results
clearly reveal that the generation of 1O2 in Car-BDP-TNM-
mediated PDT is in fact responsible for the death of cancer
cells.
To explore whether Car-BDP-TNM can induce tumor cell

death in a simulated deep-tissue setting, we measured Car-
BDP-TNM-mediated PDT in different tissue thicknesses by
using MTT assay. Car-BDP-TNM exhibited significant cell
cytotoxicity at 0-, 4-, and 8-mm tissue thickness after 30 min of
irradiation at 670−800 nm lamp light (power intensity of 12

Figure 4. (a) MTT assay of HeLa cells viability of different
concentrations of Car-BDP-TNM and Car-BDP-NNM: Car-BDP-
TNM + NIR (red), Car-BDP-NNM + NIR (green), Car-BDP-TNM
+ dark (blue), and Car-BDP-NNM + dark (cyan) after treatment. (b)
Sodium azide inhibition as measured by MTT assay for different
concentrations of Car-BDP-TNM + dark (red), Car-BDP-TNM +
NIR (green), and Car-BDP-TNM + NIR + NaN3 (50 μM) (blue). (c)
Fluorescence microscopy of DCFDA verified singlet-oxygen gener-
ation in Car-BDP-TNM (10 μg mL−1); mediated intracellular λex =
476 nm, emission detection wavelength 485−520 nm.

Figure 5. (a) Greengo cell viability by MTT assay in different
concentrations of Car-BDP-TNM and Car-BDP-NNM in the dark;
(b) compared with Greengo cells and HeLa cells viability in different
concentration of Car-BDP-TNM and Car-BDP-TNM under NIR
irradiation; Car-BDP-TNM mediated NIR deep tumor conditions in
an in vitro MTT assay under different thickness tissue; (c) 4T1 cell
viability. (d) HeLa cell viability. Tissue thickness was 0, 4, and 8 mm;
the excitation ranged from 670−800 nm, with a power intensity of 12
mW cm−2 halogen lamp light.
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mW cm−2; Figure 5). Moreover, the fluorescence of Car-BDP-
TNM was detectable even through an 8 mm pork tissue by
using an animal imaging instrument (Figures S14 and S15).
This result suggests that we are able to simultaneously image
the nanoparticles in vivo while using them for therapy.
To verify the targeted tumor-killing effect of Car-BDP-TNM

in vivo, we chose mice bearing a subcutaneous 4T1 tumor
xenograft as our model. To explore the best accumulation time
point of photosensitizer for PDT in the tumor tissue, the 4T1
tumor-bearing mice were intravenously injected with Car-BDP-
TNM (50 μg mL−1, 150 μL) and subjected to in vivo imaging at
different time points (Figure 6a). As an additional control, Car-

BDP-NNM (50 μg mL−1, 150 μL) was also intravenously
injected. The fluorescence at the tumor site increased gradually
and reached a maximum level 24 h postinjection (Figure 6a).
After 48 h, the fluorescence intensity of Car-BDP-TNM in the
4T1 tumor gradually decreased. However, the Car-BDP-NNM-
treated mice display a much weaker contrast between normal
and tumor tissues. This result demonstrates that folate actually
improved the nanoparticle targeting to the tumor in our system.
We also observed the clearance in the liver of Car-BDP-

TNM in the same group of living tumor-bearing mice (Figure
S16). Six hours after injection, a fluorescence signal started to
appear in the liver. In the 6−24-h period, the fluorescence
signal in the liver constantly increased. After 48 h, the
fluorescence signal from the liver decreased, and after 96 h it
had almost completely disappeared. This result suggests that
the small size of our nanoparticles may be beneficial to the
exclusion of Car-BDP-TNM by the liver.32

As the accumulation of Car-BDP-TNM in the tumor
reached its maximum at 24 h (Figure 6a), we next examined
the effect of treatment with Car-BDP-TNM by irradiating with
lamp light (670−800 nm, 12 mW cm−2) 24 h postintravenous
injection. For in vivo PDT treatment, the 4T1 tumor-bearing
mice were randomly divided into six groups, each group
containing five mice: PBS control group (group 1), treated with
light irradiation only (group 2), Car-BDP-TNM-intravenous-
injected only (group 3), folate-free Car-BDP-NNM-intra-
venous-injected and then irradiated (group 4), Car-BDP-
TNM-intravenous-injected and then treated with irradiation
(group 5), and Car-BDP-TNM-intravenous-injected and then
irradiated to a penetration depth of 8 mm into tissue (group 6).
The PDT treatment was conducted 24 h after intravenous
injection. The irradiation was performed with 670−800 nm at

12 mW cm−2 for 30 min (Figure 7a). After treatment, the
therapeutic effects were assessed by monitoring the change in

tumor volume (Figure 7b) and tumor weight (Figure 7c) as
well as by hematoxylin and eosin (H&E) staining of the tumor
tissues (Figure 7d). No tumor growth inhibition or tumor-
tissue necrosis was observed in the group of mice with NIR
only (groups 2), which indicated that irradiation with such a
low power intensity NIR had little photothermal effect. In
group 3, no tumor inhibition was observed, which showed that
Car-BDP-TNM has negligible dark toxicity. Group 4 (Car-
BDP-NNM) also did not display an obvious therapeutic effect,
which suggests that folate was important for targeting tumor
tissue. In contrast, the tumor growths of treatment group 5 and
6 (0 and 8 mm screening by external tissue, respectively) were
remarkably suppressed. For group 5, tumor volume inhibition
efficiency was found to be around 90%, and tumor-tissue
weight was also significantly less (ca. 150 mg) in comparison to
around 700 mg in the PBS control group (Figure 7c). From the
H&E staining analysis, the tumor tissue also showed clear
necrosis, which indicates that Car-BDP-TNM can be effectively
activated by NIR lamp irradiation to be intensely phototoxic to
the tumor. More importantly, in group 6, tumor volume
inhibition efficiency was observed to be well preserved (ca.
80%), and tumor-tissue weight was about 210 mg, which clearly
indicates that Car-BDP-TNM is activated in deep tissue (8
mm) and generates an effective PDT process (Figure S17). To
our knowledge, this is the first time that deep-tissue setting
tumor treatment was realized with such a low-power,
incoherent NIR lamp irradiation.
We evaluated the organ distribution of Car-BDP-TNM by

using ex vivo fluorescence imaging at predetermined time
intervals (24, 48, and 96 h; Figure S18). Twenty-four hours
after treatment with the Car-BDP-TNM by intravenous
injection, tumor and healthy organs including heart, liver,

Figure 6. Specific-targeted NIR fluorescence tumor imaging in vivo.
The arrows show the tumor sites. (a) Time-dependent in vivo NIR
fluorescence images of 4T1 tumor-bearing mice after intravenous
injection of 50 μg mL−1, 150 μL, Car-BDP-TNM as positive group,
and Car-BDP-NNM as negative group. (b) Normalized fluorescence
intensity of Car-BDP-TNM and Car-BDP-NNM in 4T1 tumors at 6,
24, and 48 h. Data are means ± s.e.m. (n = 3 mice).

Figure 7. (a) Schematic illustration of Car-BDP-TNM-mediated PDT
in deep tumor. (b) Tumor growth inhibition by Car-BDP-TNM-
mediated PDT in 4T1 tumors; PDT was performed 24 h after
injection of Car-BDP-TNM (50 μg mL−1, 150 μL). Values are means
± s.e.m. (n = 5 mice per group). (c) Average weights of tumors at day
10. Mice were killed and tumors isolated for weighing. Values are
means ± s.e.m. (n = 5 mice per group). (d) H&E staining of tumor-
tissue sections from different treatment groups 10 days after treatment;
scale bar represents 50 μm.
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spleen, lung, and kidney were excised from tumor-bearing mice
and imaged ex vivo. An intense NIR fluorescence was seen in
the excised tumor (Figure S18), which indicates efficient Car-
BDP-TNM accumulation in the tumor and less localization in
healthy organs. After 48 h, the fluorescence from the liver and
the tumor reduced. By 96 h, the fluorescence of the liver and
the tumor had significantly weakened. The fluorescence from
the major organs matched that from the fluorescence imaging
of living mice (Figure S16). We also quantified the fluorescence
intensity of the tumor and each organ from the Car-BDP-
TNM-treated group at different time periods. The fluorescence
intensity of the tumor was higher than that in healthy organs
except the liver at 24 h (Figure S18d). However, after 48 h, the
fluorescence from the liver was reduced by half, but that from
the tumor only reduced by 10%. At 96 h, the fluorescence from
the liver could hardly be observed. A possible reason for this
result might be that Car-BDP-TNM is mainly eliminated by
macrophage cells in liver and spleen.32

Potential in vivo toxicity is a great concern in the
development of PDT reagents. Besides measuring body weights
of mice in each cohort (Figure S19), we also collected the H&E
stained images of major organs (heart, liver, spleen, lung, and
kidney) from healthy mice and those treated with Car-BDP-
TNM as well as irradiation (Figure S20). Neither noticeable
organ damage nor inflammation lesions can be observed in the
irradiated, treated group, by comparison with the healthy mice,
which suggests that no obvious heart, liver, spleen, lung, or
kidney dysfunctions of the mice were induced by the PDT
process using Car-BDP-TNM. Further, the serum analysis
experiment has been performed according to the reported
protocol.33,34 As shown in Table S2, we did not observe
abnormal results from this serum analysis, which suggests that
no observable inflammation was induced. In addition, we have
also collected excrement from the mice 96 h after the
nanoparticle i.v. injection. Such excrement was dissolved in
water and then extracted using dichloromethane. The
fluorescence spectra of the extractions were subsequently
tested. Compared to the PBS-injected control group, we
detected the fluorescence of Car-BDP in excrement in the
nanoparticle treated group (Figure S29), suggesting that Car-
BDP-TNM was cleared from the body.35 All these results
demonstrate that the as-designed Car-BDP-TNM possesses
high biosafety and is highly biocompatible.
Moreover, we evaluated the stability and blood circulation of

nanoparticles. Since we found that without polymer coating, the
fluorescence of the hydrophobic Car-BDP molecule was
sensitive to water molecules and was found to be gradually
quenched as the amount of water increased, here we utilized
this point as an approach and first used 10% FBS serum
containing cell culture medium to simulate in vivo conditions.
As a result, the fluorescence of Car-BDP-TNM remains over 96
h (Figure S28), which suggests that Car-BDP-TNM is stable
under this condition. Moreover, we also conducted the
circulation time measurement of Car-BDP-TNM in vivo
(Figure S30). From the circulation time result, the fluorescence
of Car-BDP-TNM was able to be detected for more than 90 h,
which also suggests Car-BDP-TNM has long in vivo stability
and blood circulation.15−17

■ CONCLUSION
We have developed a new photosensitizer, a carbazole
substituted BODIPY (Car-BDP), which shows remarkably
intense absorption and high singlet oxygen quantum yield in

the NIR region. PLA−PEG-FA coated Car-BDP can form
stable, small, biocompatible, organic nanoparticles (Car-BDP-
TNM) that are biocompatible and capable of targeting tumor
with specificity. Rather than using typically used laser light, with
the a cost-effective ultralow power lamp light, Car-BDP-TNM
has demonstrated exceptionally potent tumor volume inhibition
efficiency (∼80%) in deep tissue level in vivo. This cost-
effective light source solution would be particularly important
in developing countries where medical supplies are lacking. In
addition, the fluorescence of Car-BDP-TNM can be used to
noninvasively guide PDT and monitor the results. Thus, our
two-in-one NIR PDT/imaging biodegradable organic nano-
particles are promising therapeutic and diagnostic candidates
for cancer treatment. The photosensitizer may also pave the
way for their uses in treating deep-tissue cancer, such as brain
cancer or the peritoneal metastasis of ovarian cancer, especially
in situations not accessible to regular cancer treatment.
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