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R
eal-time detection of the location and
expression level of enzymes within
living cells offers important informa-

tion on many important cellular and sub-
cellular events and thus provides unique
opportunities for the development of new
strategies for tumor diagnosis and cancer
therapeutics.1�4 The overexpression and
relative abundance of certain proteases in
cancers, such as cathepsins and matrix
metalloproteases (MMPs), provide attractive
targets for tumor screening.1�3,5 In thedesign
of polymer�drug conjugates with peptide
linkers, enzymatic cleavage is an important
step toward the releaseofbioactiveanticancer
drugs, with the release rate being a function
of active enzyme concentration.6�8 Recently,
there is also a rapidly growing interest in the
development of enzymatically responsive
materials.9�20 Therefore, it is important and
necessary to precisely detect the activities or
expression levels of enzymes of interest.
The advent and development of activa-

table molecular probes, such as molecular
beacons that contain a fluorophore and
quencher pair, have enabled possibilities

for the highly sensitive detection of DNA/RNA
through the conversion of specific bind-
ing events into detectable fluorescence
signals.21�23 Very recently, molecular bea-
conswith proteolytically degradable peptide
linkers have been devised for protease de-
tection and other applications.2,17,24�28 How-
ever, since the linkers that are designed to
activate molecular beacons are typically ex-
posed to the physiological environment, their
poor stability and facile degradation by non-
specificenzymesoftengive rise toanundesired
false signal and thus pose amajor limitation for
accurate detection of enzymatic activities.
To develop molecular probes immune to

undesired degradation, we report here a
generic design platform of a new type of
self-assembling supramolecular nanobea-
con (NB) with a well-defined size and sur-
face chemistry for protease detection. In
contrast to soluble molecular beacons,
the NB molecules are specifically de-
signed to self-assemble into core�shell
micelles, with the enzyme-sensitive de-
sign feature being deeply embedded
within the micellar core and thus inaccessible
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ABSTRACT Molecular beacons are typically water-soluble mol-

ecules that can convert specific chemical reactions or binding events

into measurable optical signals, providing a noninvasive means to

help understand cellular and subcellular activities at the molecular

level. However, the soluble form of the current molecular beacon

design often leads to their poor stability and facile degradation by

nonspecific enzymes, and as a result, this undesired activation could

give rise to false signals and thus poses a limitation for accurate

detection of enzymatic activities. Here we report a proof-of-concept

design and synthesis of a new type of supramolecular nanobeacon

that is resistant to nonspecific enzymatic degradation in the self-assembled state but can be effectively cleaved by the target enzyme in the monomeric

form. Our results show that the nanobeacon with a GFLG peptide linker could serve as an indicator for the presence of a lysosomal enzyme, cathepsin B.
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to the enzyme (Figure 1A). Only in themonomeric form
can these NB molecules be cleaved by the target
enzyme to generate fluorescence signals.

RESULTS AND DISCUSSION

Molecular Design. The core concept of the design is to
construct an amphiphilic NB molecule having the
potential to self-assemble into nano-objects under phy-
siological conditions. This amphiphilicity is achieved by
conjugating a hydrophobic quencher and a dye onto a
hydrophilic peptide. The concept of attaining amphi-
philicity by means of conjugating two or more small-
molecular chemical moieties with distinct solvent
selectivity has been used to successfully construct pep-
tide amphiphiles,29�33 peptide nucleic acid amphi-
philes,34 and amphiphilicmoleculeswithπ-conjugated
segments.35�37 Figure 1B shows the chemical structure
of the proof-of-concept NB molecule studied in this
paper. First of all, the hydrophobic units are composed
of a black hole quencher, BHQ-1, and a green dye,

5-carboxyfluorescein (5-FAM). 5-FAM was chosen on
the basis of its exceptionally high quantum yield in the
visible light region. The BHQ-1 segment with broad
absorption between 400 and 650 nm (major absorp-
tion between 480 and 580 nm) will, when placed in
close proximity to 5-FAM, quench the 5-FAM fluores-
cence without generating fluorescence of its own,
thereby offering a high signal-to-noise ratio. Second,
an HIV-1-derived cell penetrating peptide, Tat48�60,

38

with positively charged arginine and lysine amino
acids, was incorporated as the hydrophilic segment
to allow effective penetration of the cell membrane.
The weakly basic nature of the arginine and lysine
residues allows for the design of pH-responsive supra-
molecular nanobeacons. Finally, the key and most
critical component is the cleavable linker that bridges
5-FAMand the lysine N-terminus. The peptide tetramer
of -Gly-Phe-Leu-Gly- (GFLG), first identified by Kopecek,
Duncan, and co-workers,6,8 can be effectively cleaved
by cathepsin B (CatB), a lysosomal protease involved in

Figure 1. Schematic illustration of the expected cleavage and detection mechanism (A) and molecular structure of the
designed nanobeacon molecule TFB (B). In the self-assembled state, the enzyme-sensitive linker is deeply buried in the
micellar core, while in the monomeric form, the NB molecules become accessible for enzymatic cleavage. The designed
molecule exists in the self-assembled NB form above its critical micellization concentration (CMC). The transition from NB
micelles to monomeric form can be achieved either by dilution or by pH triggering.
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cellular protein turnover and degradation. We chose
CatB because it plays important roles in tumor growth
and progression and serves as a potential marker for
tumor screening.3,5,39�41 CatB has also attracted con-
siderable interest as the target enzyme in the design of
many polymer�drug conjugates.6�8

Quenching Effect. We synthesized two control mol-
ecules, TF (Figure 2B) and TB (Figure 2C), to assist in
better understanding the quenching effect and self-
assembly behaviors of the TFB NB molecule (S1, S2 in
the Supporting Information (SI)). The effective quench-
ing of the 5-FAM fluorophore by BHQ-1 in the NB
molecule can be inferred by a change in solution color
between three molecules (Figure 2A�C). At a concen-
tration of 200 μM, the aqueous solution of the TF
conjugate appears bright green, owing to the 5-FAM
fluorescence around 520 nm (Figure 2B). In contrast,
the aqueous solution of 200 μM TB displays a dark red
color (Figure 2C) due to the absorption in the visible
light region between 400 and 650 nm. The dark red color
of a200μMTFB solution (Figure 2A), similar to that of a TB
solution but distinct from that of a TF solution, strongly
suggests an effective quenching of 5-FAM fluorescence.
This effective quenching was further supported by
the measurements of the fluorescence of the 5-FAM
chromophore. It was found that the 5-FAM fluorescence
intensity of a 1μMTFB solutiondropsmore than80 times

relative to that of a TF solution of the same molar
concentration (Figure 2D), implying a greater than 98%
efficiency of 5-FAM fluorescence resonance energy
transfer within the designed NB molecule.

Self-Assembly and Characterization. Self-assembly was
initiated by dissolution of themolecule into either Milli-Q
water or phosphate-buffered saline (PBS). Transmis-
sion electronmicroscopy (TEM) studies showed that all
three molecules, TFB, TF, and TB, self-assemble into
spherical micelles under physiological conditions, with
sizes of 11.1( 1.2, 18.4( 3.7, and 13.1( 1.0 nm, respec-
tively (Figure 3A�D and S3 in the SI). A representative
TEM image from a 1 � PBS solution of 200 μM TFB is
shown in Figure 3A, revealing dominant nanoparticles
with a uniform size of approximately 11 nm. In this
image, the nanoparticles appear brighter than the
background due to the use of uranyl acetate as a
negative staining agent, which deposits more on the
background and thus reverses the image contrast. The
size and shape of these nanobeacons were further
confirmed using cryogenic TEM imaging techniques
(Figure 3B), which involve no staining but direct ima-
ging of the liquid sample solution. Since the Tat
peptide is rich in arginines and lysines, one would
expect that the self-assembly behaviors of all three
studied molecules are pH-dependent. Indeed, we
found that TB can self-assemble into supramolecular

Figure 2. Photographs of 200 μM aqueous solutions of TFB (A), TF (B), and TB (C) and their respective molecular structures.
The effective quenchingof the 5-FAMfluorophoreby the BHQ-1 segment is reflected in the dramatic color change frombright
green (B) to dark red (A). (D) 5-FAM fluorescence measurements of 1 μM TF and 1 μM TFB aqueous solutions.
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filaments in borate buffer (pH 9.5) (S4 in the SI), in
contrast to the spherical nanostructures in 1� PBS
(pH 7.4). We believe that this morphological transition
is driven by the reduced electrostatic repulsions among
the Tat peptides as a result of the deprotonation of
amine groups at higher pH.

Circular dichroism measurements show that the
hydrophilic Tat sequence assumes a polyproline type
II-like secondary structure under physiological condi-
tions (S5 in the SI). The diameter of 11 nm is reasonably
close to twice that of the expected molecular length
of TFB. The amphiphilic nature of the TFB leads us
to conclude that nanoparticles observed in Figure 3A
are core�shell micelles with the 5-FAM and BHQ-1
segments composing the core. Since enzyme-catalyzed
reactions often involve the formation of enzyme�
substrate complexes, the fact that the�GFLG� linkers
are deeply embedded within the micellar core suggests
that in the assembled state the �GFLG� peptide linkers
would be inaccessible to CatB for cleavage.

Enzymatic Degradation. Digestion experiments were
carried out to evaluate the degradation kinetics of TFB
NBs by CatB (S6 in the SI). In these experiments, CatB

was first activated for 5 min at 37 �C using a reaction
buffer containing 1mMEDTA and 25mM L-cysteine. All
solutions were adjusted to pH 5.0 to ensure proper
CatB function. NB from a stock solution (1 mM) was
then introduced to solutions containing the desired
amount of activated CatB, and the solution fluores-
cence was subsequently monitored.

Figure 4A shows that in the presence of only 1 μM
CatB the fluorescence intensity rapidly increases with
time, with an approximate 25-fold increase in the peak
intensity at520nmwithin80min.After a sufficient time for
cleavage, the solution color was observed to change from
light red to light yellow (Figure 4B). The small fluorescence
peak in the absence of CatB arises from incomplete
quenching of 5-FAM, and its intensity did not change over
time, suggesting that the TFB molecules are rather stable
under the experimental conditions. It is also important to
note that whenMMP-2was added to the TFB NB solution,
no noticeable cleavage reaction was observed through-
out the course of 4 h incubation (S7 in the SI).

In order to correlate the fluorescence intensity to
the enzyme activity and also to understand the en-
zyme cleavage efficiency on the studied NB molecule,

Figure 3. TEM (A) and cryo-TEM (B) images of 200 μM TFB in 1� PBS solutions reveal self-assembled nanoparticles of a
uniform size (11.1 ( 1.2 nm). TEM images of nanoparticles formed by self-assembly of 400 μM TF (C) and TB (D) in 1� PBS
solutions with sizes of 18.4 ( 3.7 and 13.1 ( 1.0 nm, respectively. TEM samples in (A), (C), and (D) were negatively stained
using a 2 wt % uranyl acetate aqueous solution to enhance the image contrast. All scale bars: 50 nm.
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we performed a series of experiments on 1 μM TFB
solutions while varying the amount of CatB added. The
1 μM concentration is far below the critical micelliza-
tion concentration (CMC) of TFB at pH 5, which was
determined to be around 30 μM using a surface ten-
sion measurement method (S8 in the SI). Figure 4C
clearly reveals that an increase in CatB concentration
leads to faster cleavage of 5-FAM from TFB. It is also
evident that concentrations of CatB as low as 20 nM
can effectively cleave the peptide linker, although the
reaction proceeds at a much slower rate.

We found that the initial rate of cleavage scales
linearly with the concentration of CatB (Figure 4D). The
catalytic reaction of CatB has been reported to follow
the kinetic behavior described by the Michaelis�
Menten equation.6,8 At very low substrate concentra-
tions, the equation can be simplified as V = (kcat)/
(KM)[E]t[S], in which kcat is the first-order rate constant,
[E]t is the total enzyme concentration, [S] is the sub-
strate (TFB, in the case reported here) concentration,
and KM is theMichaelis�Menten constant (S9 in the SI).
In the particular case reported herein (�GFLG� linker
cleavage by CatB), the KM has been reported to be on
the scale of mM,6,8 a value much higher than the 1 μM
TFB concentration. The ratio of kcat/KMprovides a direct
measure of enzyme efficiency and specificity. The plot
in Figure 4D is in good agreement with this equation,

as the initial cleavage rate is indeed linear with respect
to the CatB concentration. The initial reaction rates,
V0, were obtained from the linear region at the very
beginning of the curves presented in Figure 4C. kcat/KM
was calculated using this simplifiedMichaelis�Menten
equation and was found to be approximately 137
(mol/L)�1 s�1 (S9 in the SI). This value shows a reason-
able degradation efficiency of the �GFLG� linker to
CatB digestion. This finding also implies that quantitative
detection of CatB in live cells is possible once accurate
measurements of the initial reaction rate and the local
concentration of the delivered NBs can be obtained.

We performed further experiments on a series of
TFB solutions of different concentrations with a fixed
CatB concentration (S10 in the SI). We found that the
initial cleavage rate first increased with the increase of
TFB concentration from 50 nM to 1 μM, as expected
according to the Michaelis�Menten equation, but
then started to drop after 3 μM. We attribute this drop
in cleavage rate to the formation of dimers, trimers, or
other TFB molecular clusters that prevent the NB from
being effectively cleaved by CatB. In order to gain a
better understanding of the degradation kinetics of
TFB micelles, we carried out experiments on a 50 μM
TFB solution, a concentration above the CMC (∼30μM).
As expected, the cleavage reaction was found to pro-
ceedmuchmore slowly, and the kcat/KMwas calculated

Figure 4. Fluorescencemonitoringof thedegradationprocessofNBsbyCatB. (A) Time-coursefluorescencemeasurementsof a3μM
TFB 1� PBS solution in the presence of 1 μM CatB; (B) photographs of NB solutions before and after CatB cleavage; (C) fluorescent
measurement of 1 μM TFB PBS solutions in the presence of various concentrations of CatB; (D) plot of initial rate of 5-FAM cleavage
versus CatB concentration (square, 1 μM TFB; circle, 50 μM TFB). The red and blue lines show a linear fit for the obtained data.
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to be around 0.135 (mol/L)�1 s�1 (Figures 4D and S9 in
the SI), a value almost 3 orders of magnitude lower
than that of CatB cleavage on the TFBmonomers. Since
TFB predominantly exists in aggregates above the
CMC, these results clearly suggest that the �GFLG�
peptide linker is inaccessible for effective CatB clea-
vage and, thus, provide evidence for the expected
cleavage mechanism presented in Figure 1A.

Cancer Cell Imaging. To assess the possibility of using
the designed NB for detection of CatB activities in cells,
MCF-7 human breast cancer cells were incubated with
5μMTFB at 37 �C in cellmedia, and fluorescence images
on the basis of 5-FAM emission were taken at different
timepoints (0, 0.5, and 1.5 h) (S11 in the SI). Figure 5A�C
reveals increased 5-FAM fluorescence intensity inside
the MCF-7 cells with increased incubation time. Since
intact TFB molecules remain dark and are not fluores-
cent, this result reveals that the NB molecule not only is
capable of entering the cells but can also be effectively
activated within cells to generate green fluorescence.

To confirm the observed 5-FAM fluorescence does
not stem from potential artifacts associated with cell
fixation, we used flow cytometry to investigate the
time-dependent fluorescence in live cells (Figure 5D).
These results are consistent with the fluorescent ima-
ging data. The continuous increase in fluorescence
intensity with prolonged incubation time suggests

effective cellular uptake of NBmolecules. We speculate
this effective internalization might be a combined
effect of using the Tat cell penetrating peptide with
the amphiphilic design of the NB molecule. We also
found that the geo-mean fluorescence intensity increases
linearly with time (Figure S11 of S11 in the SI); however,
this linear correlation should be interpreted with caution
and cannot be used to directly quantify CatB within cells
because it is not clear whether the cellular uptake or the
CatB cleavage reaction is the rate-limiting step and
whether other factors such as pH or ionic strength also
contribute to the measured florescence intensity.

To evaluate if the internalized TFB NBs were indeed
cleaved by the CatB enzyme, a CatB inhibitor (CA-074
Me) was used to suppress the CatB activity in cells. Both
of our fluorescence and flow cytometery experiments
reveal that the 5-FAM fluorescence intensity is signifi-
cantly reduced in the presence of the inhibitor (Figures
S12 and S13 of S11 in the SI). We also performed experi-
ments to show that the inhibitor does not interfere
with the cellular uptake of the TFB and the viability of
the studied cells (Figures S14 and S15 of S11 in the SI).
These experiments clearly suggest the specific clea-
vage of TFB NB by CatB. Co-localization experiments
were also performed to verify the locations fromwhere
the 5-FAM fluorescence was generated. Lysosomes
of MCF-7 cells were labeled with Lysotracker Red.

Figure 5. Time-dependent fluorescence of NBmolecules insideMCF-7 human breast cancer cells. Fluorescence images of cells after
0h (A), 0.5 h (B), and1.5h (C) exposure toTFBNB show increased5-FAMfluorescencewith time. The cell nucleiwere stainedwith the
blue dye Hoechst 33342. (D) Flow cytometry confirms the increased fluorescence intensity with time inside live MCF-7 cells.
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As shown in Figure 6, the merged fluorescence image
(Figure 6C) shows almost complete overlap of the
5-FAM green fluorescence with the Lysotracker Red
fluorescence, indicating the 5-FAM fluorescence arises
from lysosomes where CatB is expected to reside.

For the TFB concentrations used in all these studies,
cell viability tests show the TFB NB has little toxicity to
MCF-7 cells during the incubation (Figure S16 of S11 in
the SI). However, for concentrations higher than 30 μM
we found that our designedNB started to show toxicity
to cultured cells and that most cells died after incubat-
ing the beacon for only a few minutes, most likely due
to the positive charge nature of the Tat peptide. There-
fore, the future designmust take into consideration the
potential toxicity of positively charged cell penetrating
peptides at high concentrations.

In a brief summary, these results reveal the possi-
bility of using TFB NB for cancer cell imaging: under
physiological conditions and above their CMCs, the
designed NB molecules self-assemble into spherical
micelles with the cleavable linker buried within the
core. Upon accumulation in the tumor microenviron-
ment or entering the lysosomes, which are known to
have an acidic environment, the NBs can be expected to
gradually dissociate to individual molecules due to dilu-
tionor/andpH triggering, therebyexposing thecleavable
linker to the target enzyme. Eventually, in the presence of
CatB, 5-FAM will be released and its fluorescence can be
used as an indicator for the presence of CatB.

Conclusion and Future Prospects. In this work, we de-
monstrate a generic design of a new type of supramo-
lecular nanobeacon by incorporating a fluorophore, a
quencher, and a hydrophilic cell penetrating peptide
into one amphiphilic molecule. Our results clearly
reveal the difference in CatB degradation kinetics

between TFB molecules and supramolecular nano-
structures and demonstrate the potential for possible
cancer cell imaging. However, there are still many
challenges ahead for the development of supramole-
cular nanobeacons suitable for in vivo studies. First and
foremost, the CMC value must be lowered to the
nanomolar range to construct stable supramolecuar
beacons during the circulation. The CMC value of our
current design is around 30 μM, and at this concentra-
tion or above the TFB molecule shows great cytotoxi-
city. As a result, it would not be possible to maintain
such a high concentration in plasma due to this
observed toxicity. Second, a greater challenge is the
controlled dissociation of supramolecular beacons into
monomeric form. New featuresmust be included in the
design such that self-assembled nanobeacons can
undergo a specific transition into monomeric form
upon reaching the targeted sites. The dilution and pH
triggeringmechanisms of the current system, although
suitable for imaging purposes, could present a limita-
tion or hurdle for quantification of enzymatic activities.
Third, other important parameters must also be con-
sidered, including the emission range of the chosen
dye (near-infrared dye is preferred for in vivo studies),
the potential effects of pH and ionic strengths on the
fluorescence intensity, cellular uptake mechanisms
associated with different cell types, the rate-limiting
steps for the cleavage reactions, and the inclusion
of a second type of molecular probe of different
modalities for deep tissue tracking. Despite these intimi-
dating challenges, we believe that the facile tunability
of supramolecular nanomaterials in size, shape, and sur-
face chemistry offers new opportunities for the develop-
ment of enzyme sensors for the imaging and diagnosis
of cancer cells.

METHODS

Molecular Synthesis. In brief, the Tat sequence and the pep-
tide linker (Fmoc-GFLGK(Mtt)GRKKRRQRRRPPQ-Rink) of the
TFB molecule were first synthesized on an automatic peptide

synthesizer (details of synthesis can be found in the SI) using
standard 9-fluorenylmethoxycarbonyl (Fmoc) solid phase syn-
thesis protocols. After removal of the Fmoc protecting group,
5-FAM was manually coupled at the peptide N-terminus. Next,

Figure 6. Confocal fluorescence images of MCF-7 cells after 2.5 h incubation with NB molecules show co-localization of the
fluorescence signal of 5-FAMwith that of the Lysotracker Red. (A) Image of 5-FAM fluorescence. (B) Image of Lysotracker Red
fluorescence and (C) merged image of (A) and (B). The cell nuclei were stained with the blue dye Hoechst 33342.
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black hole quencher-1 (BHQ-1) was incorporated onto the lysine
ε-amine, following removal of the Mtt protecting group for
lysine side chains. The completed peptide was cleaved from the
Rink Amide resin using a mixture of TFA/TIS/H2O. The two
control molecules, TF and TB, were synthesized by using acetic
anhydride to replace the BHQ-1 and the 5-FAM segments with
an acetyl group, following the same procedures for the synth-
esis of the TFB molecule. All the molecules were purified using
preparative RP-HPLC, and their purity was evaluated by analy-
tical HPLC and MALDI-ToF mass spectrometry.

Cathepsin B Degradation Experiments. The reaction buffer con-
taining 1 mM EDTA (enzyme stabilizer) and 25 mM L-cysteine
(enzyme activator) in 1� PBS solution was prepared. The
solution pH was adjusted to 5.0 through the addition of 3 M
HCl. The desired amount of cathepsin-B was added to the buffer
solution and preincubated at 37 �C for 5 min to activate the
enzyme. Stock solution was prepared by dissolving 0.6 mg of
TFB molecule with 500 μL of pH 5.0 reaction buffer, yielding a
TFB concentration of 0.4 mM. A 0.25 μL amount of a 0.4 mM
stock solution was added to each reaction well and mixed tho-
roughly with the preincubated cathepsin-B solution. Cathepsin-B
(bovine spleen) was purchased from EMD Chemicals (Gibbstown,
NJ, USA), and it was delivered in liquid form with a stock concen-
tration of 17 μM. Reaction kinetics was monitored using a Gemini
XPS microplate reader (Molecular Devices, Sunnyvale, CA, USA).
Samples were excited at 492 nm, and 5-FAM emission was
measured at 520 nm with a 515 nm cutoff.

kcat/KM Calculation. The catalytic reaction of CatB has been
reported to follow the kinetic behavior described by the
Michaelis�Menten equation. According to the Michaelis�
Menten equation, the reaction rate V can be expressed in the
following form:

V ¼ kcat[E]t[S]
KM þ [S]

in which kcat is the first-order rate constant, [E]t is the total
enzyme concentration, [S] is the substrate (TFB, in the case
reported here) concentration, and KM is the Michaelis�Menten
constant. At the very low substrate concentrations reported
herein ([S] , KM), the equation can be rewritten as

V=
kcat
KM

[E]t[S]

The ratio of kcat/KM provides a direct measure of enzyme
efficiency and specificity.

Cell Culture. Human breast adenocarcinoma cell line MCF-7
was kindly provided by the Wirtz Lab at The Johns Hopkins
University and was grown in Dulbecco's modified Eagle med-
ium (Invitrogen) containing 10% fetal bovine serum (Invitrogen)
and 1% penicillin and streptomycin (Invitrogen). The breast
cancer cells were incubated at 37 �C in a humidified incubator
with a 5% CO2 atmosphere in all cell experiments.

Cytotoxicity Assay. The cytotoxicity of the TFB was evaluated
on MCF-7 cells to make sure that the cells were healthy in the
following experiments. Briefly, MCF-7 cells were seeded onto a
96-well plate at a density of 5 � 103 cells/well and allowed to
attach overnight. The medium was replaced with fresh com-
pletemedium (as described in the cell culture protocol) contain-
ing 0, 1, 5, or 10 μMTFB and incubated for 4 h. Then, themedium
was changed to fresh complete medium and incubated for
another 48 h, and the cell viability was evaluated using a
sulforhodamine B (SRB)-based method according to the man-
ufacturer's protocol (TOX-6, Sigma).

Flow Cytometry Measurement. The time-dependent fluores-
cence increase onMCF-7 was quantified using a flow cytometer
(FACSCalibur, BD). MCF-7 cells were seeded onto a 24-well plate
at a density of 1 � 105 cells/well and allowed to attach over-
night. The medium was replaced with fresh complete medium
containing 5 μM TFB and incubated for 0.5, 1, 1.5, 2, and 2.5 h.
Then, the cells were washed oncewith DPBS and further treated
with trypsin to harvest cells from each well. Finally, MCF-7 cells
were washed three times with ice-cold DPBS and immediately
analyzed using a flow cytometer at the FL1 channel. The
viable cells were gated according to forward scatter versus side

scatter profile, and the data were analyzed using Cell Quest Pro
software.

Confocal Imaging. The time-dependent fluorescence increase
in MCF-7 cells was imaged using a confocal laser scann-
ing microscope (CLSM, LSM 510, Zeiss) leaving the pinhole
wide open. Briefly, MCF-7 cells were seeded onto a collagen
(Invitrogen)-coated eight-chamber glass-bottom plate (Lab-
Tek) at a density of 3 � 104 cells/well and allowed to attach
overnight. The medium was replaced with fresh complete
medium containing 5 μM TFB. After 0.5 and 1.5 h incubation,
the cells were washed three times with DPBS and fixed with
100 μL of 4% paraformaldehyde for 10 min at 4 �C. Then, the
paraformaldehyde was removed, and the cells were washed
three times with DPBS. In the co-localization experiment, the
cells were seeded and treated in the same manner except
100 nM Lysotracker Red (Invitrogen) and 5 μg/mL Hoechst
33342 (Invitrogen) were added to stain the lysosome and
nucleus, respectively. These twodyeswere added 20min before
cell fixation. Finally, 100 μL of Fluomount-G (Southernbiotech)
was added, and the samples were imaged immediately using
CLSM (pinhole sizes were set to obtain optical slices at 0.9 μm).
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