
rsc.li/biomaterials-science

Biomaterials
 Science

rsc.li/biomaterials-science

ISSN 2047-4849

PAPER
Soo Hyun Kim et al.
Biodegradable vascular stents with high tensile and 
compressive strength, a novel strategy for applying 
monofilaments via solid-state drawing and shaped-annealing 
processes

Volume 5
Number 3
March 2017
Pages 343-602Biomaterials

 Science

This is an Accepted Manuscript, which has been through the  
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, 
before technical editing, formatting and proof reading. Using this free 
service, authors can make their results available to the community, in 
citable form, before we publish the edited article. We will replace this 
Accepted Manuscript with the edited and formatted Advance Article as 
soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the 
text and/or graphics, which may alter content. The journal’s standard 
Terms & Conditions and the Ethical guidelines still apply. In no event 
shall the Royal Society of Chemistry be held responsible for any errors 
or omissions in this Accepted Manuscript or any consequences arising 
from the use of any information it contains. 

Accepted Manuscript

View Article Online
View Journal

This article can be cited before page numbers have been issued, to do this please use:  H. Zhou, Z. Qi, P.

Pei, W. Shen, Y. Zhang, K. Yang, L. Sun and T. Liu, Biomater. Sci., 2021, DOI: 10.1039/D1BM00847A.

http://rsc.li/biomaterials-science
http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
https://doi.org/10.1039/d1bm00847a
https://pubs.rsc.org/en/journals/journal/BM
http://crossmark.crossref.org/dialog/?doi=10.1039/D1BM00847A&domain=pdf&date_stamp=2021-07-23


ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Biocompatible nanomicelles for sensitive detection and 

photodynamic therapy of early-stage cancer 

Hailin Zhou, Zhongyuan Qi, Pei Pei, Wenhao Shen, Yanxiang Zhang, Kai Yang, Liang Sun* and Teng 
Liu*

The lack of sensitive detection technique and agents for early-stage tumors, which are characterized with small size, juvenile 
blood vessel and scarce secreted markers, has hampered the timely cancer therapy and human well-being. Herein, natural 
product pyropheophorbide-a (PPa) and FDA-approved Pluronic F127 are organized to develop F127-PPa nanomicelles with 
favorable size, redshifted fluorescence and decent biocompatibility. After intravenous (i.v.) injection, the F127-PPa 
nanomicelles could not only accurately identify early-stage xenografted tumors, but also sensitively detect cancer metastasis 
in lungs through near-infrared (NIR) fluorescence imaging. The fluorescence signals are consistent with radionuclide imaging, 
photoacoustic (PA) imaging and bioluminescence imaging of tumors, consolidating the reliability of using F127-PPa 
nanomicelles for sensitive cancer diagnosis in a non-invasive and low-cost manner. Moreover, the fluorescence intensity of 
small tumors is linearly correlated to the tumoral mass ranged from 10 to 120 mg with a fluorescence coefficient of 
4.5×107/mg. Under the guidance of multimodal imaging, the tumors could be thoroughly eradicated by F127-PPa under laser 
irradiation due to the efficient reactive oxygen species (ROS) generation. These findings may provide clinical translatable 
agents and strategies for sensitive diagnosis of early-stage tumor and timely cancer therapy.

Introduction
The early and precise detection of tumors is crucial for the 
timely treatment of cancer, which would potently enhance the 
patient's survival rate especially when the cancer is highly 
invasive.1-6 Nevertheless, the early-stage tumors are always 
characterized by small size, small blood vessel size, and scarce 
markers secreted into the blood, making it difficult to 
distinguish the benign cystic lesions and solid malignancies in a 
non-invasive manner.4, 7 Various imaging techniques have been 
developed for cancer diagnosis, including computed 
tomography (CT)8, 9, ultrasound scan imaging10, magnetic 
resonance imaging (MRI)11-13 and fluorescence imaging14-17. 
Among them, fluorescence imaging stands out with the 
advantages of high sensitivity, non-invasiveness and low cost. 18- 
20 To sensitively locate and delineate the early-stage 
malignancies by fluorescence imaging, a lot of fluorescent 
contrast agents have been synthesized, including organic 
molecules, semiconducting polymers, quantum dots, up-
conversion nanoparticles and persistent luminescent 
nanoparticles.21-27 However, these agents were hampered in 
clinical applications by respective limitations in low 

fluorescence efficiency, low tissue penetration depth, short 
circulation time, blood vessel leakage, and long-term toxicity 
issues. Hence, nano-diagnostic agents overcoming these 
limitations are in urgent need for sensitive diagnosis and timely 
therapy of cancer in clinic.28

Pyropheophorbide-a (PPa), a degradation product of the 
natural light-catching pigment chlorophyll A, could emit 
fluorescence with the excitation and emission spectra in the 
near infrared (NIR) region, where the biology background is 
transparent29-33. Moreover, PPa as a potent photosensitizer 
could generate reactive oxygen species (ROS) under the 
excitation of NIR laser, which is promising for photodynamic 
therapy (PDT) to eradicate the tumors during or right after the 
detection. In spite of the intriguing optical properties, PPa is 
insoluble in the aqueous solution due to the lipophile plane 
conformation with porphyrin, requiring biocompatible carriers 
for specific biodistribution to enhance the bioavailability and 
reduce the side effects.

Pluronic F127 is a polyethylene oxide-polypropylene oxide-
polyethylene oxide triblock copolymer, which has been 
approved by the U.S. Food and Drug Administration (FDA) for 
the applications in food additives and pharmaceutical 
ingredients.34-38 It has been reported that Pluronic F127 could 
combine with hydrophobic drugs in the aqueous medium, 
which would mildly self-assemble into micelles with diameters 
of 10-200 nm. The loose and free surfactants could be removed 
by purification at the temperature below critical micelle 
concentration (CMC), obtaining micelles with concentrated 
drugs and an extremely high drug to excipient ratio.39, 40 These 
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as-prepared micelles could enhance the bioavailability of 
hydrophobic drugs by penetrating into cancer cells and 
meanwhile increase the tumor accumulation by enhanced 
permeability and retention (EPR) effect, which are appropriate 
nanocarriers for hydrophobic drugs. 

Herein, hydrophobic PPa and Pluronic F127 are self-
assembled into nanomicelles with hydrophilic shells and 
hydrophobic cores by surfactant-assisted stripping. The 
absorbance peak of the as-prepared F127-PPa micelles is red-
shifted to 710 nm compared to that of free PPa, which has 
deeper tissue penetration and lower background fluorescence 
interference. Taking advantage of the strong fluorescence in 
NIR region and the high tumor accumulation of F127-PPa 
nanomicelles, small tumors either xenografted under skin or in 
the lung have been sensitively identified by fluorescence 
imaging, which is in accordance with radionuclide imaging, 
photoacoustic (PA) imaging and bioluminescence imaging. 
Moreover, the mass and the fluorescence intensity of the small 
tumors is linearly correlated. Under the guidance of 
fluorescence imaging, the tumors in mice are irradiated by 690-
nm laser after the intravenous (i.v.) injection of F127-PPa 
nanomicelles, which are eradicated without recurrence after 20 
days. Our study has selected biocompatible components to 
synthesize F127-PPa nanomicelles with potent fluorescence 
intensity in NIR to sensitively detect tiny tumors in the early 
stage, as well as the strong ROS production capability under 
laser irradiation to achieve efficient PDT treatment, which are 
promising for future clinical translation.

Experimental Section
Materials

Pluronic F127 was purchased from Sigma-Aldrich (St Louis, MO, 
USA). Pyropheophorbide-a was obtained from Frontier 
Scientific (Utah, United States). Cell Counting Kit-8 was obtained 
from Med Chem Express (New Jersey, USA). DMEM-F12 
medium was obtained from Procell Life Science & Technology 
Co., Ltd (Beijing, China). FBS was obtained from Gibco BRL 
(Eggenstein, Germany). LysoTracker® Green DND and H2DCFDA 
probe were obtained from Invitrogen (Waltham, 
Massachusetts, USA). Cytoskeleton red fluorescent probe was 
purchased from KeyGEN (Jiangsu, China). D-Luciferin (Sodium 
Salt D) was purchased from Yeasen Biotechnology Co., Ltd 
(Shanghai, China) and other chemical compounds were 
purchased from China National Pharmaceutical Group Co., Ltd.

Synthesis of F127-PPa nanomicelles

The F127-PPa nanomicelles were synthesized through a 
reported surfactant-stripped approach. Briefly, 3 mg PPa 
dissolved in 1 mL chloroform was quickly added into 5 mL of 
10% w/v Pluronic F127 aqueous solution. The chloroform was 
completely volatilized after stirring in an open vial overnight at 
room temperature in the darkness. To remove the free or 
loosely bound F127 and PPa molecules, the solution was then 
ultrafiltered at 4000 rpm at 4 °C using the Amico ultrafilter with 
molecular weight cut-off (MWCO) of 100 kDa. The purified 

F127-PPa nanomicelles were stored at 4 °C for the following 
experiments.

Characterization of F127-PPa nanomicelles

The morphology of the nanomicelles was characterized by the 
transmission electron microscope (TEM, Tecnai G2 spirit 
BioTwin). The physiological diameter and zeta potential were 
measured by the dynamic laser scattering instrument (DLS, 
Zetasizer Nano ZS90). The absorbance spectra of free PPa and 
F127-PPa nanomicelles were recorded by the UV-vis-NIR 
spectrometer (GENESYS 10S). The fluorescence spectra were 
measured by the fluorescence spectrometer (FLS980). The 
confocal images were captured by the confocal laser scanning 
microscopy (CLSM, FV1200). The fluorescence and 
bioluminescence imaging of mice was conducted by in vivo 
image system (Lumina III). The photoacoustic imaging of mice 
was conducted by small animal photoacoustic and ultrasonic 
imaging system (Vevo LAZR). The SPECT/CT imaging of mice was 
conducted by U-SPECT/CT Imaging system (MILabs). 

In vitro experiments

The 4T1 mouse breast cancer cell line, 4T1-Luc (Luciferase) cell 
line, mouse colon cancer cell line (CT26) and human umbilical 
vein endothelial cell line (HUVEC) were purchased from Cell 
Source Center, Chinese Academy of Science (Shanghai, China). 
The cells were cultured with DMEM-F12 medium (10% FBS) at 
37 oC with 5% CO2. 

Cellular uptake of F127-PPa

CT26 cells inoculated in the 24-well plate were incubated with 
F127-PPa nanomicelles (20 μg/mL of PPa, 200 μL per well) in the 
darkness respectively for 0.5, 2, 6 and 24 h. The cells were 
washed with PBS for three times and fixed with 
paraformaldehyde. After the nucleus being stained with 4',6-
diamidino-2-phenylindole (DAPI), the cells were imaged by the 
CLSM. To compare the difference in the cellular uptake of free 
PPa and F127-PPa, CT26 or 4T1 cells inoculated in the 24-well 
plate were incubated with free PPa or F127-PPa nanomicelles (5 
μg/mL of PPa, 200 μL per well). After 24 h, the cells were 
washed with PBS for three times, stained with LysoTracker® 
Green DND (Ex/Em: 504 nm/511 nm) for 2 h and fixed with 
paraformaldehyde. The cells were then stained with DAPI and 
Cytoskeleton red fluorescent probe (Ex/Em: 540 nm/565 nm). 
For confocal imaging, the fluorescence of F127-PPa was 
collected at 640 nm, the fluorescence of the lysosome was 
collected at 433 nm, the fluorescence of the cytoskeleton was 
collected at 559 nm, and the fluorescence of nucleus was 
collected at 405 nm.

The biocompatibility and PDT efficacy of F127-PPa in vitro

To evaluate the cellular toxicity of the nanomicelles, three cell 
lines including 4T1, CT26 and HUVEC cells were respectively 
incubated with F127-PPa nanomicelles at different 
concentrations from 1.56 to 50 μg/mL. After 24 h, the cells were 

Page 2 of 9Biomaterials Science

B
io

m
at

er
ia

ls
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
3 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

U
tr

ec
ht

 o
n 

7/
27

/2
02

1 
5:

24
:5

4 
PM

. 

View Article Online
DOI: 10.1039/D1BM00847A

https://doi.org/10.1039/d1bm00847a


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3

Please do not adjust margins

Please do not adjust margins

washed with PBS and the cellular viability was tested by MTT 
assay. 

To evaluate the PDT efficacy of F127-PPa nanomicelles in 
vitro, the cells were treated with F127-PPa nanomicelles at 
different concentrations of PPa from 3 to 50 μg/mL for 24 h, 
followed with the 690-nm laser irradiation at a power of 0.5 W 
cm-2 for 10 min. The cellular viability was then tested by MTT 
assay. The error bar was based on 6 samples in each group.

To study the mechanism of the effective PDT, H2DCFDA ROS 
fluorescence probe was selected to monitor the intracellular 
ROS level after the incubation of F127-PPa (10 μg/mL of PPa, 
200 μL per well) and laser irradiation at the power density of 0.5 
W cm-2 for 10 or 15 min. The fluorescence image of the cells was 
then recorded by the CLMS.

Establishment of tumor model 

All animal procedures were performed in accordance with the 
Guidelines for Care and Use of Laboratory Animals of Soochow 
University and approved by the Animal Ethics Committee of 
Soochow University. The female BALB/c mice were purchased 
from Changzhou Cavens Experimental Animal Co., Ltd (Jiangsu, 
China). To establish the superficial tumor models, 1×106 of 4T1 
or CT26 cells suspended in PBS were subcutaneously injected 
into each mouse. 

To establish the metastasis lung tumor model, 5×105 of 4T1-
luciferase (4T1-luc) cells suspended in PBS were i.v. injected into 
each mouse. Lung tumor growth was observed on the 7th day 
after inoculation. Seven days later, tumor bioluminescence 
could be detected by intraperitoneal injection of 150 mg/kg D-
Luciferin. After 8 min, isoflurane was used to anesthetize the 
mice, and the images were recorded by fluorescence imaging 
system. About 3 hours later, the luciferin was expelled, and the 
bioluminescence disappeared completely.

Fluorescence imaging

As previously mentioned, subcutaneous tumor model and 4T1 
lung metastatic tumor model were established. F127-PPa 
nanomicelles were injected through the tail vein, and the 
fluorescence imaging was performed at the fixed-point time 
after injection (Ex/Em: 710 nm/760 nm). The main organs and 
tumors were collected from mice sacrificed at 24 h post 
injection. Imaging system (Lumina III) was used to analyze the 
fluorescence signals of various organs, and accurate balance 
was used to weigh the tumor mass. Semi-quantitative analysis 
of the corresponding fluorescence intensity was conducted by 
Graph Pad7.

F127-PPa nanomicelles were i.v. injected into mice with 
established lung metastasis. After 6 hours, the fluorescence 
imaging was collected by excitation at 710 nm and emission at 
760 nm. The lungs were then dissected for fluorescence imaging 
after 6 h. Finally, 200 mL of 15 mg/mL luciferase substrate was 
injected into the lungs for bioluminescence imaging.

Photoacoustic imaging

A subcutaneous model of tiny 4T1 tumor in BALB/c mice was 
established one week in advance. During PA imaging, the 

background of the tumor was first scanned. F127-PPa micelles 
were then injected through tail vein and imaged by the 
Visualsonic Vevo 2100 LAZER PA imaging system at 3, 6, 12, and 
24 h. 

SPECT/CT imaging

The radionuclides 99mTc were labeled onto F127-PPa 
nanomicelles by the method for reduction of sodium 
pertechnetium by sodium borohydride. Specifically, 1mL F127-
PPa (PPa = 1 mg/mL) and 200 μL, 0.5mg/mL sodium borohydride 
were added to sodium pertechnetate (1~2 mCi). Then the 
mixture was shaken at 37 oC for 1 hour, followed with 
ultrafiltration for three times at 4000 rpm. The tumor-bearing 
mice were injected with radionuclide 99mTc-labeled F127-PPa 
micelles (500 μCi/mouse) through the tail vein. SPECT/CT 
imaging was then conducted by the U-SPECT/CT Imaging system 
(MILabs). After 24 hours, the main organs of mice (heart, liver, 
spleen, lung kidney and tumors) were dissected and placed in 
the finger-shaped tubes. The tissue mass was determined by 
precise balance and the content of 99mTc was determined by γ-
counting instrument and calculated in % ID/g values.

PDT treatment of tumors

4T1 tumor-bearing mice were randomly divided into four 
groups for different treatments as follows: Group I, F127-PPa 
micelles only; Group II, laser irradiation only; Group III, control 
group with PBS only; and Group IV, PDT group with F127-PPa 
micelles injection plus laser irradiation. Those mice received 
corresponding injection at day 1. The injection dose of F127-PPa 
micelles was 8 mg kg-1 of PPa. At 12 h (day 1), the mice of Group 
IV were irradiated with a 690-nm laser at the power density of 
0.5W cm-2 for 20 min. The tumor size of each treated mouse was 
measured with a vernier caliper every two days, starting from 
the first day of treatment until the tumor volume was greater 
than 1000 mm2 (Volume = length×width2/2).

Results and discussion
Characterization of F127-PPa micelles 
The F127-PPa nanomicelles were prepared by a surfactant-
stripped frozen approach (Figure 1a). Specifically, the 
hydrophobic PPa dispersed in trichloromethane was added into 
the aqueous solution of surfactant F127 under stirring in an 
open vial in the darkness at room temperature. The emulsion 
mixture would turn limpid and darkslategray after 4 h of stirring 
along with the volatilization of trichloromethane. PPa was 
successfully loaded into the micellar core when the organic 
solution in the mixture was completely evaporated after 24 h. 
The excess F127 molecules were stripped away in a free or 
loosely-bond form when ultrafiltration below its critical micelle 
temperature (CMT, 4 oC). The low-temperature ultrafiltration 
was beneficial for the purification of tightly-bond F127-PPa 
nanomicelles and the removal of solubilizing excipients, 
resulting in highly concentrated F127-PPa nanomicelles with 
improved encapsulation efficiency of PPa.
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The as-prepared F127-PPa nanomicelles was then 
characterized by transmission electron microscopy (TEM), 
showing dispersive spheres with diameter ranged from 80 to 
100 nm (Figure 1b). Meanwhile, the hydrodynamic size of F127-
PPa nanomicelles was about 150 nm as tested by dynamic light 
scattering (DLS) (Figure 1c). It is reasonable that the size of 
nanomicelles in the condensed solid-state for TEM imaging was 
smaller than that in aqueous media for DLS characterization. 
The Fourier transform infrared (FTIR) spectra of F127-PPa 
micelles exhibited all the characteristic peaks for F127 (C-O-C 
stretching band at 1107 cm-1, C-H stretching band at 2880/2940 
cm-1) along with the characteristic peaks of PPa (3445 cm-1 
attributed to the stretching vibration of O-H), revealing the 
successful self-assembly of F127-PPa nanomicelles (Figure 1d). 
The zeta potential of free F127 was tested to be positive, while 
F127-PPa nanomicelles was negatively charged, which further 
confirmed the successful self-assembly of F127 and PPa into 
nanomicelles (Supporting Figure S1).

Fig. 1 Synthesis and characterization of F127-PPa nanomicelles. 
(a) A scheme showing the synthesis process for the surfactant-
stripped nanomicelles. (b) TEM image of F127-PPa 
nanomicelles. Scale bar: 200 nm. (c) DLS measured size 
distribution of F127-PPa micelles in water. (d) Fourier transform 
infrared (FTIR) spectroscopy of F127-PPa nanomicelles, PPa and 
F127. (e) UV-vis-NIR spectra of PPa in chloroform and F127-PPa 
nanomicelles in water, showing a redshift in the absorbance 
peaks respectively from 410 to 450 nm and 670 to 710 nm. (f) 
Excitation spectrum and emission spectrum of F127-PPa 
nanomicelles and free PPa. (g) The hydrodynamic size of F127-
PPa nanomicelles dispersed in water, PBS, and cell medium 
containing 10% FBS recorded at different time points.

After the encapsulation of PPa into the micelles, F127-PPa 
nanomicelles showed a redshift in the absorbance peaks 
respectively from 410 to 450 nm and 670 to 710 nm, which is 
possibly induced by the agglomeration of PPa molecules in the 
hydrophobic core (Figure 1e). While the free PPa emitted 

fluorescence at 710 nm when excited by 670-nm laser 
excitation, the F127-PPa nanomicelles could emit strong 
fluorescence at 760 nm when excited by 710-nm laser (Figure 
1f), which is promising for the future applications in near 
infrared (NIR) fluorescence imaging with the advantages of 
deep tissue penetration and minimal background interference. 
Moreover, the micelles dispersed in several mediums showed 
negligible size changes and no fluctuations or precipitates 
within 72 h (Figure 1g). 1,3-diphenylisobenzofuran (DPBF), a 
widely used singlet oxygen capture agent with higher sensitivity 
to singlet oxygen than SOSG, was then applied to test the ROS 
generation capability, showing that F127-PPa could efficiently 
produce 1O2 during 10 minutes of laser irradiation (Supporting 
Figure S2). The appropriate size, redshifted optical spectra, 
effective ROS production capability and physiological stability 
have all together promised the F127-PPa nanomicelles as an 
intriguing theranostic agent for fluorescence imaging and 
photodynamic therapy of tumors.

Cellular uptake and cytotoxicity of F127-PPa nanomicelles

The cellular uptake and cytotoxicity of F127-PPa nanomicelles 
was evaluated before introducing them into cancer theranostic. 
After the incubation of CT26 cells with F127-PPa nanomicelles 
(20 μg/mL of PPa, 200 μL per well) for different time horizons, 
confocal imaging was conducted to test the fluorescence of 
F127-PPa nanomicelles in cells. The fluorescence signal instantly 
emerged in the cytoplasm at 0.5 h post incubation, showing 
enhanced fluorescence approaching to the nuclei along with the 
incubation time (Figure 2a). Meanwhile, cells treated with free 
PPa showed negligible fluorescence even after 24 h of 
incubation (Figure 2b). These confocal images indicated that the 
nanomicelles could effectively deliver the loaded PPa into the 
cytoplasm and lysosome of both CT26 and 4T1 cells within 24 
hours. Moreover, the protein skeleton did not collapse after 
ingesting PPa or F127-PPa, preliminarily validating the in vitro 
biocompatibility (Figure 2b). 

Fig. 2 Cellular internalization of PPa and F127-PPa. (a) Time-
dependent cellular internalization of F127-PPa nanomicelles (20 
μg/mL of PPa, 200 μL per well) into CT26 cells observed by 
CLSM. (b) Confocal images illustrating the distribution of F127-

Page 4 of 9Biomaterials Science

B
io

m
at

er
ia

ls
S

ci
en

ce
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
3 

Ju
ly

 2
02

1.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ite
it 

U
tr

ec
ht

 o
n 

7/
27

/2
02

1 
5:

24
:5

4 
PM

. 

View Article Online
DOI: 10.1039/D1BM00847A

https://doi.org/10.1039/d1bm00847a


Journal Name  ARTICLE

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5

Please do not adjust margins

Please do not adjust margins

PPa nanomicelles and free PPa in CT26 and 4T1 cells. Red 
fluorescence represents PPa, green fluorescence represents 
lysosome, yellow fluorescence represents cytoskeleton, blue 
fluorescence represents nucleus.

The toxicity of F127-PPa nanomicelles was then evaluated in 
three cell lines including 4T1, CT26 and HUVEC cells. After 
incubation with the nanomicelles for 24 h at different 
concentrations, the cellular viability was tested by Cell Counting 
Kit-8 (CCK8). All of the relative cell viability was above 80% even 
at the highest concentration of 50 μg/mL, revealing the high 
biocompatibility of F127-PPa nanomicelles in vitro (Figure 3a). 
In contrast, after 690-nm laser irradiation at the power of 0.5 W 
cm-2 for 10 minutes, the viability of 4T1 and CT26 cells incubated 
with F127-PPa nanomicelles significantly decreased to less than 
10% (Figure 3b), indicating the potential of F127-PPa 
nanomicelles for photodynamic therapy (PDT). The superior 
cancer cell killing capability of F127-PPa nanomicelles over free 
PPa could be ascribed to the enhanced cellular uptake of 
nanomicelle-delivered PPa since that F127 had negligible effect 
on the cellular viability even after laser irradiation (Supporting 
Figure S3). Meanwhile, the acute toxicity to HUVEC induced by 
F127-PPa incubation and laser irradiation was slightly weaker 
than that of cancer cells, because that the redox homeostasis of 
cancer cells is more likely to be broken by elevating oxidative 
stress41. 

Fig. 3 The biocompatibility and PDT efficiency of F127-PPa 
nanomicelles in vitro. (a) The relative cell viabilities of 4T1, CT26 
and HUVEC cells treated with F127-PPa nanomicelles at 
different concentrations for 24 h. (b) The relative cell viabilities 
of 4T1, CT26 and HUVEC cells after incubation with free PPa and 
F127-PPa nanomicelles for 24 h and subsequent 690-nm laser 
irradiation for 10 min. (c) Confocal images illustrating the PDT-
induced ROS level in H2DCFH-DA stained 4T1 cells.

To understand the mechanism underlying the phototoxicity 
of F127-PPa nanomicelles, 2',7'-Dichlorodihydrofluorescein 
diacetate (H2DCFH-DA) probe was then utilized to monitor the 
intracellular reactive oxygen species (ROS) level by confocal 
imaging (Figure 3c). The incubation with F127-PPa nanomicelles 
induced no ROS signal in 4T1 cells. Meanwhile, the ROS signal 
appeared in cells with F127-PPa upon 690-nm laser irradiation, 
with the intensity enhanced along with the irradiation time. The 
increase of cellular ROS was in accordance with the decline of 
cellular viability induced by the nanomicelles and laser 

irradiation, corroborating the in vitro PDT efficacy of F127-PPa 
nanomicelles.

Multimodal imaging of tumor by F127-PPa nanomicelles

Taking advantage of the strong NIR fluorescence, the 
biodistribution of F127-PPa nanomicelles was monitored by 
fluorescence imaging. The mice bearing subcutaneous 4T1 
breast cancer were intravenously (i.v.) injected with F127-PPa 
micelles (200 μL, 1.0 mg/mL PPa) and the whole-body imaging 
of mice lying on the abdomen was then performed at different 
time points (Figure 4a). The fluorescence imaging (λex = 710 nm, 
λem = 760 nm) showed that the nanomicelles were distributed 
in all of the organs in mice at 3 h post injection. The signal in the 
major organs were faded after 6 hours except for tumor and 
liver, leaving high intensity of fluorescence in tumor at 24 h after 
injection. The tumors were then dissected and stained with 4', 
6-diamidino-2-phenylindole (DAPI). The immunofluorescent 
image of tumor slice illustrated that the red fluorescence of the 
nanomicelles was overlapped with the blue fluorescence of the 
cellular nucleus, confirming the enrichment of F127-PPa 
nanomicelles in the cancer tissues (Figure 4b). 

Fig. 4 Fluorescence imaging of subcutaneous 4T1 tumors in 
mice. (a) The fluorescence images of mice obtained at 0, 3, 6, 
12, 24 h after i.v. injection of F127-PPa nanomicelles. (b) The 
stained tumor slices acquired from mice at 24 h after 
administration of F127-PPa injection. Red fluorescence 
represents the enrichment of F127-PPa micelles in the tumor 
site, and blue fluorescence represents the nucleus. (c) Ex vivo 
fluorescence images of the main organs and tumor dissected 
from mice at 24 h after injection of F127-PPa and the semi-
quantitative analysis of the corresponding fluorescence 
intensity. (d) Ex vivo fluorescence images of 4T1 tumors with 
different mass and the semi-quantitative analysis of the 
corresponding fluorescence intensity.

Moreover, the fluorescence images of ex vivo major organs 
and tumors as well as the corresponding semi-quantitative 
analysis were acquired 24 h after the systematic administration 
of F127-PPa nanomicelles into mice, which also showed the 
strong fluorescence signal in the tumor comparable to that in 
liver (Figure 4c). The time-dependent fluorescence imaging and 
semi-quantitative analysis indicated that most of the injected 
nanomicelles would excrete from the mice in one day, leaving 
specific and sufficient tumor accumulation without the concern 
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of side-effect. Interestingly, it was discovered that the 
fluorescence intensity of the tumors was linearly correlated 
with the tumoral mass ranged from 10 to 120 mg with a 
fluorescence coefficient of 4.5×107/mg (Figure 4d), revealing 
the reliability of the nanomicelles for fluorescence imaging of 
small 4T1 tumors. 

To verify the universality of F127-PPa nanomicelles for 
fluorescence diagnosis of tumors, mice bearing CT26 colorectal 
tumors were imaged at different time points after the injection 
of the nanomicelles. Similarly, the fluorescence imaging of mice 
lying on the abdomen (Figure 5a) and the immunofluorescent 
image of tumor slice (Figure 5b) validated the efficient 
accumulation of F127-PPa nanomicelles in the CT26 tumors. 
After 24 h, the fluorescence intensity in the liver and tumor was 
the highest, indicating that most of the nanomicelles has been 
eliminated from the mice (Figure 5c). Moreover, the 
fluorescence intensity of the CT26 tumors increased linearly 
with the tumoral mass from 100 to 800 mg with a fluorescence 
coefficient of 3×107/mg, whose order of magnitudes is the same 
with that in 4T1 tumors (Figure 5d). These fluorescence imaging 
results together confirmed the capability and reliability of F127-
PPa nanomicelles for precise diagnosis of small superficial 
tumors.

Fig. 5 Fluorescence imaging of subcutaneous CT26 tumors in 
mice. (a) The fluorescence images of mice obtained at 0, 2, 6, 12 
and 24 h after i.v. injection of F127-PPa nanomicelles. (b) The 
stained tumor slices acquired from mice at 24 h after injection 
of F127-PPa. Red fluorescence represents the enrichment of 
F127-PPa nanomicelles in the tumor site, and blue fluorescence 
represents the nucleus. (c) Ex vivo fluorescence images of the 
main organs and tumor dissected from mice at 24 h after 
injection of F127-PPa and the semi-quantitative analysis of the 
corresponding fluorescence intensity. (d) Ex vivo fluorescence 
images of CT26 tumors with different mass and the semi-
quantitative analysis of the corresponding fluorescence 
intensity.

Since 4T1 breast cancer cells are prone to metastasize to the 
lung, we then tested if the F127-PPa nanomicelles could detect 
the tiny lung tumors in depth. 5×105 of 4T1-luciferase (4T1-luc) 
cells were i.v. injected into the mice to develop the lung 
metastasis model. Seven days later, the occurrence of cancer 
was verified by bioluminescence imaging after injecting 
luciferase substrate D-luciferin. When the fluorescein substrate 
exhausted and the self-luminescence disappeared, F127-PPa 

nanomicelles were injected through the tail. The fluorescence 
imaging of mice lying on the back was conducted 6 h after the 
injection, showing fluorescent signal coincident with the 
bioluminescent location in 4T1-luc tumors (Figure 6a). To survey 
the specific location of tumors, the lungs were dissected from 
sacrificed mice 6 h post the injection of F127-PPa nanomicelles 
(Figure 6b). The strong fluorescence signal in lungs were exactly 
located at the bioluminescent 4T1-luc tumors (Figure 6c), 
revealing the potency of F127-PPa nanomicelles for the 
accurate diagnosis of small tumors in depth by fluorescence 
imaging. 

Fig. 6 Detection of cancer metastasis in the lungs of mice. (a) 
Bioluminescence (BL) and fluorescence (FL) imaging of mice 
with metastasized 4T1 cancer in lung. Based on the 
bioluminescence of the tumor, the specific location of the 
tumor is shown by white coil. (b) The photos of lungs dissected 
at 6 h after injection of F127-PPa nanomicelles, with the tumors 
delineated by white lines. (c) Fluorescence (FL) imaging of the 
dissected lungs after F127-PPa injection and bioluminescence 
(BL) imaging of the dissected lungs after injection of luciferin 
substrate.

Fig. 7 Multimodal imaging of tumors by F127-PPa nanomicelles. 
(a) In vivo PA images of 4T1 tumors in mice recorded at different 
time points after intravenous administration of F127-PPa. The 
black dash lines delineated the tumors with PA signal. (b) Semi-
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quantitative data of PA signal intensity in tumors according to 
the images in (a). (c) SPECT/CT imaging of the mice after 
injection of 99mTc-F127-PPa. The location of the tumor was 
delineated white dash lines. (d) Longitudinal section view of 
tumors in the images in (c). (e) The biodistribution of 99mTc-
F127-PPa in mice measured at 24 h post injection.

To verify the precise location of tumors by fluorescence 
imaging, other imaging modalities including photoacoustic (PA) 
imaging and single photon emission computed 
tomography/computerized tomography (SPECT/CT) were then 
conducted in 4T1-bearing mice. Due to the NIR absorbance and 
photothermal conversion capability of F127-PPa nanomicelles, 
the PA intensity of the F127-PPa solutions at 710 nm was 
enhanced along with the increase of the concentration 
(Supporting Figure S4). After i.v. injection of the F127-PPa 
nanomicelles into mice, PA imaging of the tumor was conducted 
at different time points (Figure 7a). The highest PA intensity in 
the tumor was detected at 12 h after the systematic 
administration, which was corresponded to the fluorescence 
imaging (Figure 7a-b). For SPECT/CT imaging, 99mTc 
radionuclides was labeled onto the porphyrin structure of PPa 
in the nanomicelles. After injection into the tail vein (500 μCi 
99mTc, 10 mg/kg PPa), SPECT/CT imaging showed that the 
nanomicelles were accumulated in the reticuloendothelial 
system (RES) such as liver, spleen and gallbladder at 3 h (Figure 
7c), and achieved the strongest contrast in tumor at 12 h (Figure 
7c-e). The results from PA and SPECT/CT imaging, in accord with 
the fluorescence imaging, have confirmed the quick clearance 
and effective tumoral accumulation of F127-PPa nanomicelles. 

Photodynamic therapy of tumors by F127-PPa nanomicelles

Motivated by the biocompatibility, photodynamic efficacy and 
effective tumoral accumulation of the nanomicelles, the study 
for photodynamic therapy of tumors by F127-PPa nanomicelles 
were then conducted. When the tumor volume increased to 
approximately 150 mm2, the 4T1 tumor-bearing mice were 
divided into four groups: Group I, F127-PPa micelles only; Group 
II, laser irradiation only; Group III, control group with PBS only; 
and Group IV, PDT group with F127-PPa micelles injection plus 
laser irradiation (Figure 8a). F127-PPa nanomicelles were i.v. 
injected into the mice at the PPa concentration of 10 mg kg-1. 
The laser irradiation was conducted by 690-nm laser at the 
power density of 0.5 W cm-2 for 20 minutes. For PDT group, the 
tumors were irradiated 12 h after the administration of F127-
PPa nanomicelles.

After the treatments, the tumor volume in each group were 
measured by a digital caliper every other day and calculated as 
length×width2/2. The treatment with F127-PPa nanomicelles or 
laser irradiation alone showed limited influence on the growth 
of tumor size as compared to the control group. Meanwhile, the 
laser irradiation after the injection of F127-PPa nanomicelles 
induced significant necrosis of cancer cells due to the effective 
production of ROS (Figure 8b). Unlike the quick growth of 
tumors in other groups, the tumors in Group IV were totally 
eradicated without recurrence in the following 19 days, 
indicating the potent PDT efficacy of F127-PPa nanomicelles.

The body weight of mice measured after the treatments 
showed negligible variation from each other and no abnormal 
behavior was detected during the observation period (Figure 
8c), preliminarily indicating that F127-PPa mediated PDT has 
induced no side effects. The photos of mice also showed the 

mice in all groups were in good health after the treatments 
(Supporting Figure S5). The pathological analysis was conducted 
by collecting the main organs from mice in the PDT group 7 days 
after the treatment. The hematoxylin and eosin (H&E) stained 
slices of the organs showed negligible damage (Figure 8d), 
revealing the biosafety of using F127-PPa nanomicelles for 
cancer PDT.

Fig. 8 In vivo cancer therapy. (a) The scheme illustrating the 
cancer treatment schedule in mouse model. (b) The tumor 
growth curves of mice in different groups. (c) The body weight 
of mice after different treatments. (d) The H&E stained slices of 
major organs in mice treated with F127-PPa nanomicelles and 
laser irradiation.

Conclusions
F127-PPa nanomicelles composed of natural product PPa and 
FDA-approved F127 were developed for the sensitive diagnosis 
and photodynamic therapy of early-stage cancer. The 
hydrophobic PPa molecules and F127 were self-assembled 
through surfactant-assisted stripping, resulting in nanomicelles 
with favorable size, redshifted fluorescence and decent 
biocompatibility. The F127-PPa nanomicelles could achieve high 
tumoral accumulation after i.v. injection and sensitively detect 
various small tumors whether xenografted under skin or in the 
lung by NIR fluorescence imaging, which was further validified 
by other imaging modalities including radionuclide, PA and 
bioluminescence imaging. Interestingly, the fluorescence 
intensity of small tumors is linearly correlated to their mass 
from 10 to 120 mg with a fluorescence coefficient of 
4.5×107/mg. Moreover, sufficient ROS were generated in the 
nanomicelle-injected mice under laser irradiation, leading to 
effective eradication of tumors. This work would provide clinical 
translatable agents and strategies to achieve sensitive detection 
and potent therapy of early-stage cancer in clinic.
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