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ABSTRACT: Nanoformulations show many therapeutic advantages over
conventional formulations. We seek to develop traceable nanoformulations
in order to closely monitor delivery. Herein, we developed a new drug
delivery system (DDS) using tetraphenylethene (TPE) to fabricate a self-
assembly micelle with aggregation-induced emission (AIE micelle). AIE
makes the nanocarriers visible for high-quality imaging, and the switching on
and off of the AIE is intrinsically controlled by the assembly and disassembly
of the micelles. This DDS was tested for doxorubicin (DOX) delivery and
intracellular imaging. For the DOX-loaded micelles (TPED), the DOX
content reached as much as 15.3% by weight, and the anticancer efficiency
was higher than for free DOX. Meanwhile, high-quality imaging was obtained to trace the intracellular delivery of the TPED.
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■ INTRODUCTION

Nanovehicles such as dendrimers,1−4 vesicles,5,6 liposomes,7−13

micelles,14−17 and inorganic materials18−24 have been widely
employed as drug delivery systems (DDSs) in cancer therapy
owing to their improved pharmacokinetics and pharmacody-
namics arising from the enhanced permeation and retention
(EPR) effect.25,26 Nevertheless, these traditional DDSs are
typically “one trick ponies”, and their sole role is to deliver
drugs into cancer cells. Additionally, these DDSs are invisible
and difficult to trace after they enter the cells and release the
drugs. So it is desirable to develop “visible” nanovehicles to
trace their distribution in cancer cells during delivery.
Recently, new-generation DDSs with the capacity for

simultaneous imaging and therapeutic treatment have received
more and more attention.27−30 To make the vehicle visible,
fluorescent dyes can be linked to or encapsulated in DDSs.31,32

We instead turned to molecules with aggregation-induced
emission (AIE) and constructed drug carriers with “turn on”
fluorescence that is activated upon assembly.33 Previously, we
prepared tetraphenylethene (TPE)−doxorubicin (DOX) nano-
particles and studied the intracellular delivery of the DOX by
measuring the fluorescence resonance energy transfer (FRET)
between TPE and DOX.34 The group of Liu and Tang also
took advantage of the unique “turn on” fluorescence of AIE
molecules. They designed a prodrug consisting of cisplatin
conjugated to TPE through an enzyme-cleavable peptide
sequence, which released cisplatin and simultaneously reported
the event upon being cleaved by intracellular protease.35

In this study, we introduced PEG, an FDA-approved polymer
with good biocompatibility, into our design to improve our
delivery system. We conjugated PEG with TPE and used the
conjugate to prepare amphiphilic polymeric micelles with
aggregation-induced emission (AIE micelles) for delivery and
simultaneous imaging to trace intracellular anticancer drug
delivery as illustrated in Figure 1. Amino-methoxypolyethylene
glycol (mPEG2000−NH2) was chosen as the hydrophilic arm.
The hydrophobic TPE moiety was used as the core, which
played two roles here, i.e. the luminogenic agent for imaging
and the hydrophobic moiety of the DDS for entrapping
hydrophobic anticancer drugs. TPE is a typical AIE building
block for the construction of efficient luminescent materials.36

It shows high emission efficiency when it is aggregated in a
non-benign solvent, while the fluorescence of traditional
chromophores is quenched because of the aggregation-caused
quenching (ACQ) effect. AIE can completely eliminate the
ACQ effect; the switching on and off of AIE is actually
dynamically related to the intactness of the delivery vesicle, and
the intrinsic emission from the AIE moiety endows this DDS
with its self-localization feature. TPE also has the merits of
facile synthesis, good photo-stability (except for UV irradiation)
and accessible functionalization.37−39 On the basis of this
design, we speculatively grafted mPEG−NH2 to carboxylated
tetraphenylethylene (TPE−COOH) and used this conjugate to
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create a unique self-assembling AIE micelle for intracellular
tracing of anticancer drug delivery. Its imaging quality, high
drug-loading content, cellular uptake, cytotoxicity, and
anticancer efficiency in vitro were investigated in detail.

■ RESULTS AND DISCUSSION

Preparation and Characterization of AIE Micelles. The
synthesis scheme of TPE−mPEG is shown in Figure 1. The
synthesized TPE−COOH was characterized by electrospray
ionization mass spectroscopy (ESI-MS) and high-performance
liquid chromatogrphy (HPLC; Figure 2A and B). The structure
of TPE−mPEG was confirmed by 1H nuclear magnetic
resonance (NMR; Supporting Information Figure S1), and
the molecular weight of TPE−mPEG was confirmed by matrix
assisted laser desoprtion/ionization time-of-flight mass spec-
troscopy (MALDI-TOF-MS). MALDI-TOF-MS analysis
showed that the molecular weight of mPEG2000−NH2 was
right-shifted after conjugation, indicating that TPE was
successfully grafted (Figure 2C). The purity of TPE−mPEG,
confirmed by HPLC, was about 95% (Figure 2D). Since TPE−
mPEG possessed an amphiphilic structure, it could self-
assemble into micelles (TPEM) in aqueous solution with
critical micelle formation concentrations of 6.38 μg/mL (Figure
2E). Contrasting with traditional fluorescence dyes, such as
FITC, the fluorescence intensity of these TPE-based micelles
was more stable and much less susceptible to laser quenching
for up to 1 h (Supporting Information Figure S2). Therefore,
we used TPEM to encapsulate doxorubicin (DOX), a typical
hydrophobic anticancer drug which can be used for tracing drug
delivery and cancer treatment. TPEM micelles loaded with
DOX (TPED) were prepared by the film dispersion method.
After filtration to remove the free DOX, HPLC was used to
characterize the homogeneity of the DOX-loaded micelles. The

overlapping elution profiles of TPED monitored at 284 and 477
nm, to detect absorbance from TPE and DOX, respectively,
verified that DOX was encapsulated in the micelles (Figure 2F).
The morphologies of TPEM and TPED were determined by
transmission electron microscopy (TEM) (Figure 3A and B),
and the size distributions were measured by dynamic laser light
scattering (DLS) (Supporting Information Figure S3). Both
TPEM and TPED were spherical in shape, with a diameter of
about 30 nm, and had good dispersion. Furthermore, TPED
had high encapsulation efficiency (98.4% by weight) and high
drug-loading capacity (15.3% by weight).

Spatial Distributions of AIE Micelles in Vitro. We
examined whether these AIE micelles were self-traceable in
cancer cells during drug delivery. We first tested the
fluorescence (FL) intensity of TPE−mPEG in water (non-
benign solvent) and methyl alcohol (benign solvent) under the
same intensity of ultraviolet absorption and found that the FL
intensity of mono-dispersed TPE−mPEG in methyl alcohol
was negligible compared to the high emission of the micelles in
water (Supporting Informatino Figure S4). On the basis of this
observation, the fluorescence spectra of TPEM, TPED, and free
DOX were measured to ensure that both TPE and DOX could
be excited after DOX was encapsulated in the micelles. As
shown in Figure 3C and D, we found that the fluorescence of
DOX and TPE could be excited at 330 nm, although the
fluorescence intensity of both TPE and DOX decreased upon
forming TPED compared to the same concentration of TPEM
and free DOX. We hypothesized that this phenomenon was
due to fluorescence resonance energy transfer (FRET) because
of the overlap between the emission of TPE and the absorption
of DOX (Supporting Information Figure S5), but the ACQ
effect of DOX in TPED partially reduced the fluorescence
intensity efficiency of FRET. Even so, the results still confirmed

Figure 1. Synthetic route of TPE−mPEG and schematic illustration of DOX-loaded self-assembly micelle (TPED) with aggregation-induced
emission (AIE) as a novel multifunctional theranostic platform for intracellular imaging and cancer treatment.
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that fluorescence of both TPE and DOX could be excited upon
the formation of TPED nanocapsules. Furthermore, the
intactness of TPED was examined in the presence of serum
by monitoring the change of TPE and DOX FL intensity. If
TPED disassembled, the FL intensity of TPE would decrease or
disappear. Alternatively, if DOX leaked out of TPED, the
fluorescence of the DOX would increase because it is no longer
quenched by ACQ efffect and the fluorescence of the TPE
would increase because the emission from TPE is no longer
transferred by FRET to DOX. As shown in Supporting
Information Figure S6, after 24 h incubation with serum, the FL
intensity of TPE showed almost no change, which illustrated
that TPED was intact in serum. The FL intensity of DOX was
slightly enhanced after incubating with serum for 24 h. We
supposed that this might be due to the leakage of a small
percentage of DOX from TPED.
Next, TPEM and TPED were incubated in vitro with MCF-7

human breast cancer cells for 0.5 and 4 h to observe their
intercellular locations by confocal laser scanning microscopy
(CLSM) (Figure 4). As shown in CLSM images of TPEM and

TPED groups, the fluorescence of TPE (“blue” color) was
clearly visible in the cytoplasm, but not in the nucleus, which
indicated that TPE−mPEG molecules did not enter into the
nucleus. In CLSM images of TPED groups, the blue
fluorescence of TPE was colocalized with the fluorescence of
DOX (“red” color) in the cytoplasm (giving a “purple” color),
suggesting that some of the DOX was still encapsulated in the
micelles. After incubating cancer cells with TPED for 4 h, the
red fluorescence of DOX was mostly visible in the nucleus,
which indicated that our nanocapsules could release DOX into
the nucleus. In addition, as the incubation time increased from
0.5 to 4 h, the fluorescence intensity of both DOX and TPE
increased, indicating increased cellular uptake of TPEM and
TPED.

Localization and Endocytosis Pathway of AIE Micelles
In Vitro. In CLSM images of TPED treatment (Figure 4), each
cell showed a region with particularly high purple fluorescence
intensity near the nucleus (indicated by the white arrows). We
hypothesized that these regions corresponded to lysosomes,
where TPED was located. As the localization of TPED in the

Figure 2. Structural characterization of TPE−COOH, TPE−mPEG, TPE-based micelles (TPEM), and DOX-loaded micelles (TPED). (A)
Characterization of TPE−COOH by ESI-MS. (B) HPLC trace of TPE−COOH monitored at 330 nm. (C) MALDI-TOF-MS analysis of the
conjugation of TPE−COOH with mPEG−NH2. (D) HPLC trace of TPE−mPEG monitored at 330 nm. (E) Determination of the critical micelle
formation concentration (CMC) of TPE−mPEG and the fluorescence intensity of TPE as a function of the concentration of TPE−mPEG. (F)
HPLC traces of DOX-loaded micelles (TPED) monitored at 284 nm (TPE) and 477 nm (DOX), showing a relatively homogeneous morphology
with aggregation.
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cytoplasm was relevant to the uptake pathway, we investigated
the internalization of TPED in MCF-7 cells (Supporting
Information Figure S7). Active uptake is significantly reduced at
low temperature (4 °C), and we found that the amount of
TPED internalized by cells treated at 4 °C was only 19.85% of
that of the control group. The ATP synthesis inhibitors sodium
azide and 2-deoxy-D-glucose (DOG) reduced the uptake of
TPED to 80.67%. The difference between the two inhibition
treatments may be due to their different inhibition efficiency.
Thus, we came to the conclusion that the pathway by which
TPED was taken up into MCF-7 cells was energy-dependent
endocytosis. There are two main mechanisms of endocytosis in
non-phagocytic cells, clathrin-mediated and lipid raft-mediated.
We selected two different inhibitors for each pathway to
determine which one was responsible for the uptake of TPED.
The results showed that sucrose and chlorpromazine, both of
which are clathrin-mediated endocytosis inhibitors, reduced the
uptake of TPED, while two inhibitors of lipid raft -mediated
endocytosis, nystatin and methyl-β-cyclodextrin (MβCD), did
not affect the uptake. This suggests that lipid raft-mediated
endocytosis was not involved in the uptake of TPED, and
TPED was internalized by MCF-7 cells through clathrin-
mediated endocytosis. TPED would then be delivered to
lysosomes after they entered into cancer cells.
In order to further investigate the colocalization of TPED

and lysosomes, staining of lysosomes with LysoTracker Green
DND-26 was performed. As shown in Figure 5, the blue
fluorescence of TPE from TPEM and TPED treatments mostly
colocalized with the “green” fluorescence of lysotracker near the

nucleus. For cells treated with TPED, the areas of co-
localization correspond to the purple regions indicated by
arrows in TPED-treated cells in Figure 4. Thus, by tracing
DOX delivery, we concluded that the nanovehicles were
distributed in the cytoplasm and did not enter the nucleus,
while DOX could be detached from the nanovehicles and enter
the nucleus. In addition, the results also hinted at a plausible
DOX release process. Free DOX is very hydrophobic, and so, it
tends to be encapsulated in the hydrophobic part of TPEM.
Upon entering into cancer cells, TPED experiences a gradually
acidified environment inside the lysosomes, and the proto-
nation of DOX causes electrostatic repulsion between the drug
molecules. Meanwhile, DOX becomes more hydrophilic and
the hydrophobic interaction between drug molecules and TPE
molecules decreases, so the protonated drug molecules tend to
be released from the vehicles and enter into the nucleus40,41

while TPE−mPEG remains assembled in the cytoplasm as
light-emitting micelles.

In Vitro Drug Release and Delivery. To further
investigate the drug delivery capability, the release of DOX
from TPED nanocapsules in vitro was determined (Figure 6).
Because the pH in lysosomes is lower than the cytoplasm,42,43

the DOX release profile was evaluated by dialysis method at pH
7.4 and 5.0. As shown in Figure 6A, drug release from TPED
was much higher at pH 5.0 (85%) than at pH 7.4 (27%).
Furthermore, to examine the intracellular uptake and drug
release abilities, flow cytometry was used to measure the ability
of TPED to enter cancer cells. Human breast cancer MCF-7
cells were incubated with TPED containing 7.5 μM DOX for

Figure 3. Characterization of TPE-based micelles (TPEM) and DOX-loaded micelles (TPED). (A) TEM image of TPEM after staining with 1%
uranyl acetate. (B) TEM image of TPED after staining with 1% uranyl acetate. (C) Fluorescence spectra of TPEM, free DOX, and TPED excited at
330 nm. (inset) Photograph showing fluorescence of TPEM (1), DOX (2), and TPED (3) under UV light (365 nm). (D) Fluorescence spectra of
free DOX and TPED excited at 477 nm.
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0.5 and 4 h with free DOX as a control. As shown in Figure 6B
and C, we made quantitative measurements of the cellular
uptake of free DOX and TPED. Compared to free DOX, MCF-
7 cells treated with TPED after 4 h showed a right shift,
suggesting greater cellular uptake of the DOX-loaded nano-
capsules. In addition, cellular uptake increased as the incubation
time increased from 0.5 to 4 h. Almost all cells were able to
internalize free DOX and TPED, since nearly 100% of cells had
increased fluorescence except the control group (Figure 6D).
Cytotoxicity Studies of AIE Micelles. Once it was

confirmed that TPED could deliver DOX into the nucleus,
the overall cytotoxicity of TPED was evaluated and compared
with free DOX using the MTT assay. The empty TPEM
nanocapsules, with no loaded DOX, were also evaluated under
identical conditions. After incubating cells with free DOX or
TPED with equal DOX concentrations (0.1−10 μM) for 24
and 48 h, we found that TPED was more toxic to MCF-7
cancer cells (Figure 7A and B). As depicted in Figure 7, TPED
showed a lower IC50 (about 1.2 μM) than free DOX (about 3.0
μM). In addition, the results also indicated that TPEM had
little toxicity to MCF-7 cells at concentrations corresponding to
the amount of micelles used in the TPED treatment. Even
when the concentration increased to 100 μM, no clear toxicity

was observed (Supporting Information Figure S8). Hence, the
lower IC50 of TPED was not due to the toxic effect of TPE−
mPEG molecules but, rather, was caused by the enhanced
cellular internalization of DOX when encapsulated into
micelles.

■ CONCLUSION

Herein, we demonstrated a novel concept of directly using TPE
to create nanocarriers that display AIE for tracing intracellular
anticancer drug delivery. When loaded with DOX, TPE−mPEG
formed a stable micelle, and this hydrophobic drug delivery
system showed higher antitumor efficiency than free DOX in
vitro, while TPE−mPEG itself displayed no cytotoxicity. The
micelles can be employed for intracellular imaging and self-
localization due to the AIE property. This study thus opens up
new approaches to the design of traceable drug delivery
systems.

■ EXPERIMENTAL SECTION
Materials and Reagents. Amino-methoxypolyethylene glycol

(mPEG2000−NH2) was purchased from PegBio Co., Ltd (Suzhou,
China). O-(7-Azabenzotriazole-1-yl)-1,1,3,3-tetramethyluronilum hex-
afluorophosphate (HATU) and Diisopropylethylamine (DIEA) were

Figure 4. Spatial distributions of TPEM and TPED in MCF-7 cells. CLSM images of the distribution of self-indicating TPEM and TPED. MCF-7
breast cancer cells were incubated with TPEM (75 μM) and TPED (TPE−mPEG 75 μM and DOX 5.0 μM) for 0.5 and 4 h. Scale bars are 20 μm.
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purchased from BO MAI JIE Technology Co., Ltd (Beijing, China).
Doxorubicin hydrochloride was obtained from Beijing Huafeng United
Technology Co., Ltd (Beijing, China). Other chemical reagents and
solvents were obtained from Alfa and used as received.
Dulbecco’s modified eagle’s medium (DMEM) and fetal bovine

serum were obtained from Wisent Inc. (Multicell, Wisent Inc., St.
Bruno, Quebec, Canada). Also, 0.25% trypsin−EDTA and antibiotic
solution (penicillin and streptomycin) were purchased from Invitrogen
(Invitrogen, Carlsbad, CA). The human breast cancer cell line MCF-7
was purchased from American Type Culture Collection (ATCC;
Manassas, VA). Culture dishes and plates were from Corning
(Corning, New York, USA). MCF-7 cells were maintained in
DMEM with 10% fetal bovine serum and 1% antibiotic solution. All

cells were cultured in a humidified atmosphere containing 5% CO2 at
37 °C.

Synthesis of TPE−mPEG. In the synthesis of TPE−mPEG,
carboxylated tetraphenylethylene (TPE−COOH) was first synthe-
sized. We first prepared TPE derivative 1 using the McMurry reaction
and then treated derivative 1 with BBr3 and obtained derivative 2
smoothly. Derivative 2 was treated with methyl 2-bromoacetate in the
presence of K2CO3 and then TPE derivative 3 was obtained.
Subsequently, treatment of derivative 3 with LiOH gave TPE−
COOH. To synthesize TPE−mPEG, TPE−COOH was dissolved in
anhydrous dichloromethane at room temperature. HATU and DIEA
were added into this solution and stirred continuously at room
teperature for 2 min. When a yellow solution formed, amino-

Figure 5. Detailed spatiotemporal distributions of TPEM, DOX, and TPED co-localized with lysosomes in MCF-7 cells. Scale bars are 20 μm.

Figure 6. Time course of DOX release from TPED and cellular uptake of free DOX and TPED by MCF-7 cells. (A) Time course of DOX release
from TPED at 37 °C at pH 5.0 or 7.4. Released DOX was separated from TPED by dialysis and quantified by spectrophotometer. (B) Quantitative
analysis of free DOX and TPED uptake by flow cytometry. (C) Mean fluorescence intensity of cells after 0.5 or 4 h. Control cells were untreated.
(D) Percentages of cells with increased fluorescence.
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methoxypolyethylene glycol dissolved in dichloromethane was added
dropwise into this solution, which was stirred continuously at room
temperature for 48 h. The solvent was removed under vacuum. The
remaining residue was dissolved in water and then purified by dialysis
with a molecular weight cutoff of 3500 Da. The reaction product was
lyophilized and analyzed by MALDI-TOF-MS using a Microflex LRF
System spectrometer (Bruker Daltonics, USA).
Determination of the Critical Micelle Formation Concen-

tration (CMC) of TPE−mPEG. Owing to the aggregation-induced
emission of the TPE moiety, which can self-indicate the formation of
micelles, a simple method was established to determine the CMC by
detecting the emergence of the fluorescence of TPE when TPE−
mPEG was assembled in phosphate buffer. A measured amount of
TPE−mPEG solution was added to vials and phosphate buffer of pH
7.4 was added to the vials to obtain TPE−mPEG solutions with
concentrations ranging from 0.48 to 28.8 μg/mL. The vials were
sonicated for 10 minutes, and then, the fluorescence intensity at a
wavelength of 460 nm (excited at 330 nm) was measured using a
fluorescence spectrophotometer (HITACHI F-4600). The critical
micelle concentration was obtained as the intersection of the tangents
to the two linear portions of the graph of the fluorescence intensity as
a function of TPE−mPEG concentration.
Preparation of DOX-Loaded Micelles. DOX-loaded micelles

(TPED) were prepared from DOX and TPE−mPEG via the film
dispersion method. A measured amount of DOX was dissolved in 1
mL methanol at room temperature (molar ratio of DOX:triethylamine
= 1:2) and mixed with TPE−mPEG in 2 mL chloroform. The solvent
was removed under vacuum rotary evaporation to form a dry film. The
dried film was hydrated with phosphate buffer of pH 7.4 for 1 h.
Nonencapsulated DOX was separated by filtering the micelle
suspension through a 220 nm polycarbonate membrane (Millipore
Co., Bedford, MA). To confirm the concentration of DOX in micelles,
TPED was dissolved in methanol to destroy the structure of micelles
and release free DOX into methanol. The concentration of free DOX
in methanol was determined using a Perkin-Elmer LS 55 luminescence
spectrometer (Perkin-Elmer Instruments Co., Ltd., USA) with 488 nm
excitation and 591 nm emission.
Characterization of Micelles. The morphologies of TPEM and

TPED were determined using a Hitachi HT7700 transmission electron
microscope (TEM) with 120 kV acceleration voltage. Micelles were
prestained with 1% uranyl acetate. Particle size was determined by
dynamic light scattering (DLS) using a Zetasizer 5000 (Malvern
Instruments, Malvern, Worcestershire, U.K.). The homogeneity of the
DOX-loaded micelles was characterized by high-performance liquid
chromatography (HPLC; Waters 2796, USA).
Subcellular Localization of Micelles and Imaging. For

confocal microscopy, 106 MCF-7 cells were seeded into 35 mm
microscopy dishes, incubated at 37 °C for 24 h and then incubated
with free DOX, TPEM, and TPED (TPE−mPEG 75 μM and DOX
5.0 μM) for 0.5 and 4 h at 37 °C. Cells were imaged using a confocal
laser scanning microscopy (LSM710, Carl Zeiss Microscopy) with
excitation at 405 nm for TPE and 488 nm for DOX.
Free DOX and TPED Uptake by Breast Cancer Cells. Cellular

uptake of free DOX and TPED was investigated by quantitative flow
cytometry analysis. For flow cytometry, 3 × 105 cells per well were

seeded into 6-well plates, then cultured with free DOX or TPED at the
same concentration. Cells were washed with PBS, harvested, and
analyzed using an Attune® acoustic focusing cytometer (Applied
Biosystems, Life Technologies, Carlsbad, CA).

Cytotoxicity Studies. MCF-7 cells were seeded at 5 × 103 cells
per well in a 96-well plate, pre-incubated for 24 h, and then incubated
with free DOX or TPED for 24 and 48 h at DOX concentrations
ranging from 0.1 to 10 μM. The medium was replaced with 100 μL 0.5
mg/mL MTT and after 3 h the MTT solution was replaced with 150
μL DMSO solution. The absorbance was measured at 570 nm with a
reference wavelength of 630 nm using an Infinite M200 microplate
reader (Tecan, Durham, USA). Untreated cells in medium were used
as the control. The cytotoxicity of empty TPE−mPEG micelles
(TPEM) was also tested by using the method above. The
concentration of empty micelles ranged from 0.1 to 100 μM.
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