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Theranostics offers a promising approach for the battle against 
cancer.[1–3] Among various theranostic systems, photodynamic 
theranostics integrates photodynamic therapy (PDT) with real-
time diagnosis into a nanoplatform, thus providing an attractive 
option for personalized medicine.[4,5] PDT has advantages over 
conventional tumor treatment modalities (including surgery, 

To design a clinically translatable nanomedicine for photodynamic thera-
nostics, the ingredients should be carefully considered. A high content of 
nanocarriers may cause extra toxicity in metabolism, and multiple theranostic 
agents would complicate the preparation process. These issues would be of 
less concern if the nanocarrier itself has most of the theranostic functions. In 
this work, a poly(ethylene glycol)-boron dipyrromethene amphiphile (PEG-F54-
BODIPY) with 54 fluorine-19 (19F) is synthesized and employed to emulsify 
perfluorohexane (PFH) into a theranostic nanoemulsion (PFH@PEG-F54-
BODIPY). The as-prepared PFH@PEG-F54-BODIPY can perform architecture-
dependent fluorescence/photoacoustic/19F magnetic resonance multimodal 
imaging, providing more information about the in vivo structure evolution 
of nanomedicine. Importantly, this nanoemulsion significantly enhances the 
therapeutic effect of BODIPY through both the high oxygen dissolving  
capability and less self-quenching of BODIPY molecules. More interestingly, 
PFH@PEG-F54-BODIPY shows high level of tumor accumulation and long 
tumor retention time, allowing a repeated light irradiation after a single-
dose intravenous injection. The “all-in-one” photodynamic theranostic 
nanoemulsion has simple composition, remarkable theranostic efficacy, and 
novel treatment pattern, and thus presents an intriguing avenue to devel-
oping clinically translatable theranostic agents.

Cancer Theranostics

Dr. Y. Zhang, T. Feng, X. Qin, Y. Wan, S. Jiang, C. Li, Prof. J. Lin,  
Prof. T. Wang, Prof. P. Huang
Guangdong Key Laboratory for Biomedical Measurements  
and Ultrasound Imaging
Laboratory of Evolutionary Theranostics
School of Biomedical Engineering
Health Science Center
Shenzhen University
Shenzhen 518060, China
E-mail: peng.huang@szu.edu.cn

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adma.201806444.

Dr. S. Bo, Prof. Z.-X. Jiang
Hubei Province Engineering and Technology Research Center for 
Fluorinated Pharmaceuticals
School of Pharmaceutical Sciences
Wuhan University
Wuhan 430071, China
E-mail: zxjiang@whu.edu.cn
Prof. X. Zhou
State Key Laboratory for Magnetic Resonance and Atomic and Molecular 
Physics
Wuhan Institute of Physics and Mathematics
Chinese Academy of Sciences
Wuhan 430071, China

chemotherapy, and radiotherapy), such as 
noninvasiveness, low toxicity, repeatability, 
and avoidance of multidrug resistance. 
Many photodynamic theranostic nano-
platforms that encapsulate both diagnostic 
agents and photosensitizers (PSs) into a 
nanocarrier have achieved simultaneous 
cancer diagnosis and treatment.[6–9] How-
ever, the nanocarrier is just an excipient 
for drug/gene delivery and the addition 
of diagnostic agents typically reduces the 
drug-to-carrier ratio, resulting in a poor 
loading capability. Moreover, the incor-
poration of multiple theranostic agents 
into nanocarrier remarkably complicates 
the preparation process and increases the 
metabolic load. Therefore, an ideal thera-
nostic nanoplatform is in desperate need 
whereby the carrier per se exerts most of 
the therapeutic and diagnostic functions.

Although several imaging modalities 
are available for cancer diagnosis in the 
clinic, each of them has inherent limita-
tions. Magnetic resonance (MR) imaging 
(MRI) offers high spatial resolution and 
the best soft tissue contrast without tissue 
depth limits, but it suffers from poor sen-

sitivity and a long imaging time.[10,11] 1H MRI is widely used, 
but the strong background signals from 1H in the tissues result 
in low contrast ratio. Fluorescence (FL) imaging (FLI) provides 
real-time images with high intensity, but its application in large 
animals and to the clinic settings is limited due to poor light 
penetration into deep tissues.[12,13] Photoacoustic (PA) imaging 
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(PAI) possesses high optical imaging contrast and deep tissue 
penetration;[14,15] however, an appropriate PAI agent is yet to be 
developed. Multimodality imaging is thus gaining increasing 
recognition in cancer diagnostics, as it integrates different 
information from various sources to provide a more accurate 
diagnosis than one single technique alone.[16–20] Combining 
MRI, FLI, and PAI has the potential to overcome the weakness 
of each individual technique while simultaneously offering 
high spatial resolution, contrast, and sensitivity. Nevertheless, 
current clinical probes for MRI and FLI (e.g., gadolinium-based 
contrast agents, indocyanine green) usually lack tumor speci-
ficity, and so image contrast is affected by extensive background 
signals. Multimodal imaging signals that can be activated only 
at the tumor site, provide a feasible approach to solve this 
problem.[5]

PDT kills cancer cells by converting tumor oxygen into reac-
tive singlet oxygen (1O2) using a PS.[21,22] However, the hypoxic 
tumor microenvironment and continuous oxygen consumption 
during the PDT process can result in an inadequate oxygen 
supply, which in turn hampers photodynamic efficacy.[23] Two 
main strategies have been reported to solve this problem: 1) 
increasing the oxygen concentration around the PSs via higher 
oxygen supply;[24,25] 2) enlarging the distance of PSs in a nano-
system to prevent PSs from self-quenching by π−π stacking.[26]

To simultaneously address the above issues, we integrate mul-
timodal imaging signals and PDT function into a poly(ethylene 
glycol)-boron dipyrromethene amphiphile (PEG-F54-BODIPY) 
with 54 fluorine-19 (19F), as an “all-in-one” nanocarrier. To 
enhance the PDT efficacy of BODIPY, perfluorohexane (PFH) 
is emulsified by the amphiphile to form an oxygen self-sup-
plied nanoemulsion (denoted as PFH@PEG-F54-BODIPY) 
for FL/PA/MR multimodal imaging guided photodynamic 

therapy (Scheme 1). Compared to traditional polymeric drug 
carriers, the PEG-F54-BODIPY can provide versatile thera-
nostic functions. First, BODIPY is one of the most popular 
fluorescent chromophores due to its high FL quantum yield 
and narrow absorption bands.[27–30] Second, through BODIPY 
core modifications, the absorption peak of BODIPY redshifts 
from ≈550 nm to the near-infrared (NIR) range (≈685 nm), 
allowing for efficient PAI. Third, the symmetrical 19F with a 
single 19F-MR signal in the amphiphile can be used for sen-
sitive 19F MRI, which creates much less background noise 
than 1H MRI.[31] Finally, BODIPY has emerged as a new class 
of PSs for PDT over the past decade.[32–35] Notably, due to the 
reduced quenching of BODIPY in PFH@PEG-F54-BODIPY at 
tumor sites, the FL/19F-MR signals of PFH@PEG-F54-BODIPY 
gradually recovered, while its PA signals underwent an oppo-
site transition. By analyzing the multimodal imaging signals, 
more information on the drug distribution and assembly level 
of PFH@PEG-F54-BODIPY could be obtained. Most intrigu-
ingly, the PFH@PEG-F54-BODIPY exhibited high tumor tissue 
accumulation and long tumor retention time (>10 days), which 
allows us to derive a new treatment paradigm named “Repeated 
PDT” consisting of one injection and multiple laser irradia-
tions. This PDT protocol could markedly alleviate the treatment 
burden to patients and the results showed that it could achieve 
better therapeutic effects than a single laser treatment. There-
fore, the as-prepared nanoemulsion (PFH@PEG-F54-BODIPY) 
can perform FL/PA/MR multimodal imaging and dually aug-
mented PDT for cancer theranostics.

To prepare the versatile nanoemulsion, a convergent syn-
thesis of the BODIPY-based amphiphile (denoted as BODIPY) 
was first carried out (Figure 1a). Their chemical structures 
were fully characterized using 1H nuclear magnetic resonance 
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Scheme 1. Schematic illustration of versatile theranostic nanoemulsion PFH@PEG-F54-BODIPY, which is self-assembled by a BODIPY amphiphile 
and perfluorohexane (PFH) (upper panel), as an “all-in-one” nanoplatform for FL/PA/MR multimodal imaging and dual-enhanced PDT (lower panel).
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spectroscopy (1H NMR), 13C NMR, 19F-NMR, and matrix-
assisted laser desorption ionization-time of flight mass spec-
trometry (MALDI-TOF MS) (Figures S1–S4, Supporting Infor-
mation). Subsequently, BODIPY was utilized as a stabilizer 
and emulsified PFH (0.5% v/v) into a nanoemulsion by ultra-
sonication. The final concentration of PFH was 0.26% v/v, 
so the encapsulation efficiency of PFH was ≈52% (Figure S5, 
Supporting Information). Transmission electron microscopy 
(TEM) image showed that PFH@PEG-F54-BODIPY has a well-
defined spherical structure and average diameter of 180 nm 
(Figure 1b and inset). The hydrodynamic diameter of PFH@
PEG-F54-BODIPY obtained by dynamic light scattering (DLS) 
measurement was 211.3 nm, and its polydispersity was 0.116 
(Figure 1c). The larger size obtained by DLS can be attributed 
to the fact that DLS measures Brownian motion of particles in 
solution and includes a few solvent layers.[36] While PEG-F54-
BODIPY aqueous solution was transparent, PFH@PEG-F54-
BODIPY solution became translucent due to the formation of 
nanoemulsion (Figure 1d). These results demonstrated that the 
PEG-F54-BODIPY can emulsify PFH into spherical and uni-
form nanoemulsion particles.

We next investigated the photophysical and photochem-
ical properties of PFH@PEG-F54-BODIPY. The UV–vis–NIR 
absorption spectrum showed that PEG-F54-BODIPY had 
a sharp absorbance peak at 690 nm, indicating the poten-
tial application for PAI (Figure 1e). The absorbance peak of 
BODIPY blueshifted to 685 nm, possibly due to the reduced 
BODIPY molecule π–π stacking after emulsification into 
PFH@PEG-F54-BODIPY.[37] A similar blueshift was observed 
when the PEG-F54-BODIPY was dissolved in methanol, because 
BODIPY dispersed better in methanol than in water, and 
underwent less π–π stacking (Figure S6a, Supporting Infor-
mation). Similarly, BODIPY molecule π–π stacking in water 
induced highly self-quenching of FL (Figure S6b, Supporting 
Information). However, the FL emission of PFH@PEG-F54-
BODIPY was much stronger than that of PEG-F54-BODIPY 
because of reduced BODIPY molecule π–π stacking after 
emulsification (Figure 1f). After dissolving in methanol, the 
FL emission of PFH@PEG-F54-BODIPY nearly sextupled, indi-
cating a partial self-quenching in water. To determine whether 
the gain of FL was a result of the existence of PFH, we fab-
ricated a series of nanoemulsions with different PFH concen-
trations. Notably, the all-wavelength absorbance of PFH@PEG-
F54-BODIPY increased with PFH concentration, as well as the 
FL emission under excitation at 660 nm (Figure S7, Supporting 
Information).

Previous studies on FRET deactivation of 1O2 generation 
demonstrated that there was a 0.98 correlation between the 
Quench of FL and 1O2 quantum yields.[38] We thus evaluated 
the 1O2 generation of nanoemulsion and PEG-F54-BODIPY as 
indicated by the FL of Singlet Oxygen Sensor Green, a spe-
cific probe for 1O2 (Figure 1g). Here, PFH@PEG-F54-BODIPY 

achieved much higher 1O2 generation than PEG-F54-BODIPY, 
and the 1O2 quantum yield was calculated as 0.57 referring 
to a reported method (Table S1, Supporting Information).[39] 
Reduced BODIPY molecular π–π stacking also influenced 
19F-MR signals: there were 54 fluorines in each amphiphile, 
which exhibited a sharp singlet 19F-MR peak in methanol 
(Figure S8, Supporting Information). However, the 19F-MR 
signal detected from its aqueous solution was much weaker, 
indicting a shorter T2 relaxation time as a consequence of 
BODIPY molecule π–π stacking in water.[40] These experiments 
demonstrated that emulsification of PFH into nanoemulsions 
effectively reduces BODIPY self-quenching in water and thus 
enhance the FL, 19F-NMR signals and 1O2 quantum yield. The 
further FL signal recovery of nanoemulsion in methanol indi-
cates an “off-to-on” FL transition after the complete disassocia-
tion of the nanoemulsion in vivo.

To further investigate the influence of emulsification into 
PFH@PEG-F54-BODIPY on BODIPY imaging properties, we 
performed in vitro FL/PA/MR multimodal imaging. The echo 
signals of PFH@PEG-F54-BODIPY were threefold higher than 
that of PEG-F54-BODIPY due to the ultrasonic (US) imaging 
contrast properties of PFH (Figure 2a,b).[41] Similar to the 
results obtained using a FL spectrophotometer, the FL signal 
of PEG-F54-BODIPY under 660 nm excitation was completely 
quenched due to the π–π stacking of BODIPY molecules. After 
emulsification into PFH@PEG-F54-BODIPY, the signals par-
tially recovered and further enhanced in methanol (Figure 2c). 
As BODIPY in the nanoemulsion was still partially self-
quenched, a proportion of the energy normally transformed 
to FL and 1O2 generation was released elsewhere. Under the 
laser irradiation, the energy was dissipated thermally, but the 
temperature was lower than 42 °C, which is not sufficient to 
induce cell death (Figure S9, Supporting Information). As 
PAI is related to thermal expansion, PFH@PEG-F54-BODIPY 
generated strong PA signals, linearly and proportional to con-
centration (Figure 2d,e). PA signals decreased up to 30-fold 
after methanol was added to disrupt the structure and dissolve 
BODIPY. Therefore, the architecture-dependent FL quenching 
of BODIPY is a requisite for PA properties. As shown in Table 
S2 in the Supporting Information, both BODIPY and PFH in 
the PFH@PEG-F54-BODIPY exhibited strong 19F-MR signals 
(T1 of BODIPY, 375 ms; T2 of BODIPY, 28 ms; T1 of PFH, 
1040 ms; T2 of PFH, 181 ms). Moreover, the signal of BODIPY 
in PFH@PEG-F54-BODIPY was also significantly enhanced 
compared to that of PEG-F54-BODIPY, which might be attrib-
uted to the extended T2 (T2 of PEG-F54-BODIPY: 14.9 ms). 
The 19F-MR signals also partially recovered in the PFH@
PEG-F54-BODIPY due to the milder self-quenching than that 
in the PEG-F54-BODIPY (Figure 2f,g, Figure S10, Supporting 
Information). These results demonstrated the great potential 
of PFH@PEG-F54-BODIPY to perform architecture-dependent 
FL/PA/MR multimodal imaging in vivo.
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Figure 1. a) Synthesis route of PEG-F54-BODIPY amphiphile. b) TEM image (inset) and c) size distribution of PFH@PEG-F54-BODIPY (20 µM BODIPY, 
0.5% v/v PFH). d) Photograph of PEG-F54-BODIPY and PFH@PEG-F54-BODIPY (20 µM BODIPY, 0.5 v/v% PFH). e) UV–vis–NIR absorption and f) FL 
emission spectra of PEG-F54-BODIPY and PFH@PEG-F54-BODIPY in water or methanol. g) Singlet oxygen generation of PEG-F54-BODIPY and PFH@
PEG-F54-BODIPY following irradiation with a 660 nm laser at a power density of 200 mW cm−2 for the indicated time. The values represent the means 
± s.d. (n = 3, NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001 vs BODIPY).
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We then investigated the FL properties of PFH@PEG-F54-
BODIPY in human melanoma A375 cells. After 24 h of incu-
bation, PFH@PEG-F54-BODIPY red FL was visible in the 
cytoplasm (Figure 3a), indicating efficient cell uptake and FLI 
capability. To quantitatively investigate the FL in cancer cells, 
cells incubated with PFH@PEG-F54-BODIPY and PEG-F54-
BODIPY were analyzed by flow cytometry. Results showed that 
the BODIPY FL intensity increased as a function of time in both 
groups (Figure 3b–d). However, the PEG-F54-BODIPY group 
exhibited much higher FL than the PFH@PEG-F54-BODIPY 
group. To examine whether this difference was a result of the 
cell uptake efficiency or FL self-quenching, the cancer cells 
were collected and lysed by ultrasonication to release PEG-F54-
BODIPY. The measurements obtained using a FL microplate 
showed that before cell lysis, the FL of the PEG-F54-BODIPY 
group was nearly fivefold higher than the PFH@PEG-F54-
BODIPY group (Figure 3e). After ultrasonication, the FL of the 
PFH@PEG-F54-BODIPY group recovered and almost equaled 
to that of PEG-F54-BODIPY group. These results indicated that 
the PFH@PEG-F54-BODIPY uptake efficiency was similar to 
that of PEG-F54-BODIPY, but that the FL of PFH@PEG-F54-
BODIPY was largely quenched inside the cells. This deduction 
was contradictory to our previous results (Figures 1e and 3c), 
in which the self-quenching of BODIPY was partially relieved 
in PFH@PEG-F54-BODIPY. Considering that there were abun-
dant proteins (e.g., albumin, low density lipoprotein) in the 
cell culture media, we investigated the FL changes of BODIPY 

after incubation with cell media and found that after 5 min of 
incubation, the FL of PEG-F54-BODIPY markedly recovered 
while that of PFH@PEG-F54-BODIPY remained almost the 
same (Figure 3f). This phenomenon could be because that the 
π–π stacking interactions that induced FL self-quenching were 
much weaker after proteins in the medium solubilized BODIPY 
amphiphiles. The stability of the nanoemulsion in the medium 
and partial self-quenching of FL in cancer cells suggested that 
the PFH@PEG-F54-BODIPY FL might slowly increase as the 
emulsion ruptured in vivo. As PA signals depended on the 
self-quenching of BODIPY, opposite change of PA signal was 
rationally expected.

The cytotoxicity and PDT effect of PFH@PEG-F54-BODIPY 
were investigated next in vitro. First, the generation of reac-
tive oxygen species (ROS) including 1O2 from PDT was stained 
using a commercial probe (carboxy-H2DCFDA) in A375 cells 
(Figure S11, Supporting Information). After penetrating into 
the cytoplasm and encountering ROS, the probe would emit 
intense green FL. Without light irradiation, cells treated with  
PBS, PEG-F54-BODIPY, and PFH@PEG-F54-BODIPY showed 
negligible FL (data not shown). After 5 min laser irradiation 
at 660 nm laser (power density: 200 mW cm−2), >80% of cells 
treated with PFH@PEG-F54-BODIPY emitted green FL, which 
was significantly higher than that of the free BODIPY group, 
indicating a higher oxidative stress mediated by PFH@PEG-
F54-BODIPY. Next, calcein-AM/PI double staining was car-
ried out to semiquantitatively assess the PDT enhancement 
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Figure 2. a) In vitro Ultrasonic (US) images and b) the corresponding gray values of water, PEG-F54-BODIPY, PFH@PEG-F54-BODIPY, and oxygenated 
PFH@PEG-F54-BODIPY, from left to right (20 µM BODIPY, 0.5 v/v% PFH). The values represent the means ± s.d. (n = 3; NS, not significant; **P < 0.01).  
c) In vitro FL images of PFH@PEG-F54-BODIPY in different solvents (c1: water, c2 methanol). d) In vitro PA images and e) the corresponding PA ampli-
tudes of PFH@PEG-F54-BODIPY in different solvents (d1: water, d2 methanol). f) In vitro MR images and g) the corresponding MR signal intensity of 
PFH@PEG-F54-BODIPY (f1: BODIPY, f2: PFH).
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efficacy (Figure 4a,b). The green (calcein-AM) and red (PI) 
FL represented live and dead (or apoptotic) cells, respectively. 
Similar to ROS staining, both PFH@PEG-F54-BODIPY and 
PEG-F54-BODIPY elicited negligible red FL outside the light 
spot, indicating good compatibility of the BODIPY amphi-
phile. After light irradiation (5 × 10−6 m BODIPY; 300 J cm−2 
laser power), >50% tumor cells treated with PFH@PEG-F54-
BODIPY were killed and emitted red FL, which was much 
more than that of PEG-F54-BODIPY group. We then conducted 
a cell viability counting assay to quantitatively investigate the 
enhanced PDT efficacy. Without light irradiation, both PFH@
PEG-F54-BODIPY and PEG-F54-BODIPY showed negligible 
cytotoxicity up to 10 × 10−6 m against A375 melanoma cancer 
cells (Figure 4c). The PDT efficacy in vitro was found to be 
BODIPY dose and light dose-dependent (Figure 4d,e). In the 
absence of oxygen, the oxygenated PFH@PEG-F54-BODIPY 
remained high PDT efficacy, further indicating the oxygen 
storage capability of PFH (Figure S12, Supporting Informa-
tion). PFH@PEG-F54-BODIPY was much more cytotoxic than 
PEG-F54-BODIPY using the same light irradiation dose, as 
indicated by intracellular ROS generation and live/dead cell 
staining images. Less than 40% of tumor cells treated with 

PFH@PEG-F54-BODIPY remained alive after 5 min irradiation 
at the BODIPY dose of 10 × 10−6 m, while the viability of the 
PEG-F54-BODIPY group was ≈70%. Because a similar amount 
of PFH@PEG-F54-BODIPY was incorporated into tumor cells 
compared to PEG-F54-BODIPY, the significantly higher ROS 
production and cell mortality of the PFH@PEG-F54-BODIPY 
group indicated successful enhancement of PDT efficacy due to 
reduced quenching of BODIPY in nanoemulsions. The O2 con-
centration in the cell culture was ≈21% (equivalent to air), and 
so the oxygenation of PFH would have been a negligible factor 
contributing to PDT efficacy enhancement. The hypoxic envi-
ronment of malignant tumors indicated tremendous potential 
of PDT enhancement via oxygen storage capability of PFH.[42]

We next examined the unique quality that PFH@PEG-
F54-BODIPY was intrinsically suited for in vivo PA/FL/MR 
multimodal imaging using an A375 melanoma xenograft 
model. The particle size of PFH@PEG-F54-BODIPY was 
≈180 nm (Figure 1a,b), which is in the optimal range for an 
enhanced permeation and retention (EPR) effect.[43,44] More-
over, due to its architecture-dependent FL property, PFH@
PEG-F54-BODIPY is particularly suitable to function as an acti-
vatable FL probe that stays silent (i.e., off state) in the blood 
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Figure 3. a) Confocal laser scanning microscopy images of A375 tumor cells stained with Hoechst 33342 after 24 h incubation with the PFH@PEG-F54-
BODIPY. Scale bar = 10 µm. b,c) Flow-cytometry analysis of PFH@PEG-F54-BODIPY and PEG-F54-BODIPY FL inside A375 cells, respectively. d) Changes 
in BODIPY FL intensity in cells as a function of incubation time. e) Relative FL of PFH@PEG-F54-BODIPY or PEG-F54-BODIPY after 5 min US irradia-
tion to the corresponding untreated groups (US power: 3 W). f) Relative FL of PFH@PEG-F54-BODIPY or PEG-F54-BODIPY 24 h after incubation with 
DMEM (10% v/v fetal bovine serum) to the corresponding untreated groups (Ex/Em: 685/715 nm). Values represent the means ± s.d. (n = 3 for e, 
n = 5 for f, ***P < 0.001).
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circulation to minimize background FL. The quenching status 
of PFH@PEG-F54-BODIPY in blood was further verified by the 
recovery of FL following the addition of SDS (Sodium dodecyl 
sulfate) (Figure S13, Supporting Information). Upon accumula-
tion at the tumor site via the size-mediated EPR effect, PFH@
PEG-F54-BODIPY was expected to gradually dissociate apart 
as a consequence of demulsification and solubilization of the 
BODIPY amphiphile by proteins in the tumor matrix, followed 
by the recovery of FL signal (i.e., on state). Conversely, the PA 
signals of PFH@PEG-F54-BODIPY would undergo “on-to-off” 
transduction due to the relief of self-quenching after accumu-
lation at the tumor site. As expected, we found that PFH@
PEG-F54-BODIPY exhibited a significantly lower FL signal in 
the normal tissues than PEG-F54-BODIPY after intravenous 
injection (Figure 5a,b, Figure S14, Table S3, Supporting Infor-
mation). Ex vivo imaging further confirmed the preferential 
uptake of PFH@PEG-F54-BODIPY in the melanoma tumors 
compared to healthy cells (Figure 5c,d). The PFH@PEG-
F54-BODIPY FL signal at tumor sites increased about 40-fold 
within 24 h and then gradually decreased, while the PA signal 
reached a peak at ≈1 h and reduced to an undetectable level at 
24 h (Figure 5e,f). Interestingly, the FL signals increased again 
7–8 days after injection, and then slowly decreased and were 
maintained at half of the peak intensity by day 11 (Figure S15, 
Supporting Information). This long tumor retention time was 
probably due to the high BODIPY 19F content, but the detailed 
mechanism is yet to be illustrated.[45] Both BODIPY and PFH 
showed strong 19F-MR signals at tumor sites close to the skin 
after intratumoral injection (Figure 5g). The echo signals of 

PFH@PEG-F54-BODIPY also augmented due to the gradual 
evaporation of PFH in vivo (Figure S16, Supporting Informa-
tion). Overall, we found that PFH@PEG-F54-BODIPY acts as 
an activatable FL probe that produces minimal background sig-
nals in the bloodstream and recovers FL after its dissociation 
at tumor sites. PFH@PEG-F54-BODIPY possesses architecture-
dependent “on/off” photoacoustic transduction. This feature 
can assist the real-time acquisition of structural information 
at tumor sites, and simultaneously served as a MR signal 
intensifier.

PDT is an established treatment modality for superficial 
malignant tumors, and has applications in dermatology, oph-
thalmology, and other fields.[46] However, to treat deep and solid 
tumors, PDT efficacy suffers from several intrinsic limitations, 
including tumor hypoxia, PS distribution and self-quenching, 
and light penetration depth.[47,48] With the guidance of FL/PA/
MR multimodal imaging, PFH@PEG-F54-BODIPY is a prom-
ising strategy to significantly enhance the PDT efficiency via 
the two different pathways as previously described. To inves-
tigate the PDT enhancement, we intravenously injected oxy-
genated PFH@PEG-F54-BODIPY or PEG-F54-BODIPY into 
an A375 melanoma xenograft model with tumor volume of 
≈80 mm3 24 h before light treatment. To enhance the hypoxic 
environment of melanoma tumors, nanoemulsions with high 
PFH content delivered together with ultrasound irradiation for 
30 min immediately before light treatment (Figures S17 and 
S18, Supporting Information).[25] Strong green FL was observed 
in the groups receiving both PFH@PEG-F54-BODIPY and 
light irradiation, suggesting the severe cell apoptosis of tumor 

Figure 4. a) FL images of live/dead cell staining on A375 tumor cells after 12 h incubation with fresh medium, PEG-F54-BODIPY or PFH@PEG-F54-
BODIPY and exposure to a 660 nm laser at the power density of 200 mW cm−2 for 10 min (5 × 10−6 m BODIPY). A clear laser spot can be seen in the 
irradiated PFH@PEG-F54-BODIPY group. Scale bar = 50 µm. b) Quantitative analysis of the dead cells proportion according to (a). c) Relative viability of 
A375 tumor cells treated with PFH@PEG-F54-BODIPY or PEG-F54-BODIPY at various doses. d) Relative viability of A375 tumor cells treated with PFH@
PEG-F54-BODIPY or PEG-F54-BODIPY at various doses after irradiation with a 660 nm laser at a power density of 200 mW cm−2 for 5 min. e) Relative 
viability of A375 tumor cells treated with PFH@PEG-F54-BODIPY or PEG-F54-BODIPY (5 × 10−6 m of BODIPY) after irradiation with a 660 nm laser at 
different laser intensities for 5 min. Values represent the means ± s.d. (n = 6 for a–c, n = 3 for e; NS, not significant; *P < 0.05, **P < 0.01, ***P < 0.001 
vs BODIPY + Laser).
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cells, while only moderate apoptosis was observed in the PEG-
F54-BODIPY plus light irradiation group (Figure 6a). Likewise, 
H&E staining showed a marked hiatus in the cell spaces, nuclei 
shrinkage, karyorrhexis, and plasmatorrhexis in the PFH@
PEG-F54-BODIPY plus light irradiation group, while melanoma 
cells from other groups retained normal cellular morphology 
(Figure 6b). These results indicate efficient cell destruction 
mediated by PFH@PEG-F54-BODIPY.

We finally evaluated the PDT efficacy of PFH@PEG-F54-
BODIPY by measuring the tumor volume every two days after 
treatment in each group (Figure 6c,d). Because of the long 
tumor retention time of PFH@PEG-F54-BODIPY in tumors, 
a new treatment paradigm called “repeated PDT” was used 
to augment the PDT efficiency. Here, one injection of PFH@
PEG-F54-BODIPY was followed by light treatment every 5 days. 
Tumors in saline and PFH@PEG-F54-BODIPY groups grew 
at a similar rate, whereas the saline plus laser and BODIPY 
plus laser groups grew at a slightly lower rate probably due 
to the repeated laser treatment, but there were no statistically 
significant differences between these four groups according 
to the ANOVA analysis. Animals within these groups were 
euthanized in succession within ≈30 days due to an extensive 
tumor burden or tumor-related cachexia. On the contrary, the 

PFH@PEG-F54-BODIPY plus light treatment group exhib-
ited much slower tumor growth and 70% of mice survived 
40 days (Figure S19, Supporting Information). In the repeated 
PDT group, all treated mice survived >40 days, and one of the 
treated tumors was eliminated on day 20 by ulceration (data 
not shown). Taken together, PFH@PEG-F54-BODIPY mark-
edly enhances the PDT efficacy of BODIPY through the two 
different approaches: 1) increasing oxygen loading around 
the PSs via its high oxygen dissolving capacity; 2) enlarging 
the distance of PSs after being encapsulated into emulsions 
to prevent PSs from self-quenching by π–π stacking. No sig-
nificant changes were observed in body weight, normal tissue 
morphology, or serum chemistry in all these treatment groups 
(Figures S20–S22, Supporting Information). In addition, no 
obvious hemolysis was observed for the BODIPY amphiphile 
(3–10 × 10−6 m ) in the blood (Figure S23, Supporting Informa-
tion). These results indicated good biocompatibility of this ver-
satile nanotheranostic platform.

To summarize, we have developed a novel amphiphile that 
possesses several unique and favorable traits rendering it suit-
able as a cancer theranostic agents: 1) distinct architecture-
dependent fluorescent, photoacoustic, and magnetic resonance 
properties; 2) intrinsic ability for enhanced PDT via two different 

Figure 5. a) In vivo NIR FL images and b) semiquantitative analysis of A375 tumor accumulation of BODIPY after intravenous injection of PFH@PEG-
F54-BODIPY. c) Ex vivo FL images and d) semiquantitative analysis of major organs from A375 tumor-bearing mice 24 h after intravenous injection of 
PFH@PEG-F54-BODIPY. Values represent the means ± s.d. (n = 3, ***P < 0.001 for tumors compared to other organs). e) Representative photoacoustic 
imaging and f) semiquantitative analysis of A375 tumor after intravenous injection of PFH@PEG-F54-BODIPY. g) 19F magnetic resonance imaging of 
the A375 tumor before and 30 min after intratumoral injection of PFH@PEG-F54-BODIPY.
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pathways; 3) excellent emulsification ability for forming nano-
emulsions; 4) long tumor retention time for repeated PDT treat-
ment; and 5) good biocompatability. We have demonstrated in a 
melanoma cancer xenograft model that the as-prepared PFH@
PEG-F54-BODIPY nanoemulsion may be used as: 1) an activat-
able nanoprobe to increase the sensitivity of FL/PA/MR multi-
modal imaging for tumor detection, and 2) an oxygen carrier 
and PS quenching reliever to achieve highly efficient PDT on 
hypoxic solid tumors via a single injection of drug. The superior 
imaging capability of PFH@PEG-F54-BODIPY can be further 
utilized to monitor the real-time in vivo behavior and assembly 
state of the nanoemulsion for optimized treatment. The results 
reported here have consolidated our design of using the nano-
carrier in the theranostic nanoparticles to exert sophisticated 
and versatile “all-in-one” theranostic functions.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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