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ABSTRACT: The fluorescence of tetraphenylethylene (TPE),
an archetypal luminogen, is induced by restriction of intra-
molecular rotation (RIR). TPE was grafted with palmitic acid
(PA) onto a hydrophilic peptide to yield a cell membrane
tracker named TR4. TR4 was incorporated into liposomes,
where it showed significant RIR characteristics. When cells were
incubated with TR4, cytoplasmic membranes were specifically
labeled. TR4 shows excellent photostability and low cytotox-
icity.
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he cytoplasmic membrane is the two-dimensional emission in the aggregated state, when intramolecular motion is

boundary between a living cell and its environment. hindered, but no or very weak emission in the monodisperse
Cytoplasmic membrane-related events, including dynamic state, when intramolecular motion is unrestricted.”"** Alter-
membrane remodeling, signal transduction, and nutrient natively, because of the RIR effect, AIE luminogens can become
transport, are of great interest to cell biologists. To study highly fluorescent when individually dispersed molecules are
these events, it is very important to develop probes for entrapped in a tight space, even though no aggregation
subcellular fluorescence imaging that can identify the happens.23 To date, a number of bioprobes have been
cytoplasmic membrane and record the dynamic Changes'l’z developed on the basis of this AIE mechanism, but only four
Until now, there have bene only a few commercial fluorescent AIE dyes have been developed to track specific organelles in the
dyes available for tracking cell membranes, such as DiO? and cell?*™*” Thus, we set out to design a novel cell membrane

Dil* Typically, these probes have a hPOPhﬂic structure that tracker based on an AIE luminogen that displays the RIR effect.
allows them to become embedded into cell membranes; In the search for an alternative cell membrane tracker, we
however, the?r generate background ﬂuo'resc.ence even when designed and constructed an amphipathic molecule, TR4, as
the_y do not bind to cell rnemea‘nes, resulting in a low Slgnal'to' shown in Figure 1. First, the molecule has a short tetra-peptide
noise (S/ N.) ratio. In addition, they are susceptible to sequence consisting of four arginine residues as the positively
photobleachmg under laser exposure, which means they are charged hydrophilic moiety to target membranes. Second,
not suitable for long—term. observation or real—tl@e trackllng. inspired by the structure of Dil, as shown in Figure 1A, palmitic
Fluorescently labeled proteins, such as labeled lectins that bind acid (PA) and tetraphenylethylene (TPE) were conjugated to
to cell surface sugars, are an alternative type of membrane the peptide to provide a lipophilic moiety for membrane
probe. However, these probes result in inconsistent staining insertion. Third. the TPE was emploved to “turn on”
with variation across cell types. Therefore, it is desirable to . ) ’ . .P Y
. luminescence upon being embedded in the membrane. The
develop new photostable fluorescent probes that specifically . : 1 )
. . . probe, as designed, can bind to the lipid bilayers of liposomes,
and consistently stain the cell membrane with low background. i - :
where it displays bright fluorescence. When applied to actual

Recently, the unique phenomenon of aggregation-induced o S o -
emission (AIE) has attracted more and more attention for the living cells, TRA’ exhibited low t'oxmty and specifically labeled
design of novel fluorescent probes.”~” TPE, an archetypal AIE the cytoplasmic membrane (Figure 1B). Compared to the
commercial dye Dil, our probe showed remarkable photo-

luminogen, has been widely used to develop “turn on” - : }
fluoresecent chemosensors,® bioprobes,” '* and optoelectronic stability, and can be used for long-term real-time tracking. In

materials.'*™'® The AIE mechanism is due to the restriction of

intermolecular rotation (RIR),'”*° which prohibits energy Received: April 28, 2014
dissipation and leads to high quantum yield. In contrast to Accepted: May 30, 2014
conventional fluorescent dyes, AIE luminogens exhibit bright Published: May 30, 2014
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Figure 1. (A) Molecular structures of Dil and TR4; (B) schematic
illustration of the targeted labeling of the cell membrane by TR4; (C)
synthetic scheme of amphiphilic TR4.

addition, our probe can be excited by two photons of infrared
light, which is very attractive for two-photon microscopy.

To synthesize this bioprobe, carboxylated tetraphenyl-
ethylene (TPE-COOH) was synthesized as a building
block."* The designed probe could then be easily obtained by
solid-phase peptide synthesis (SPPS) (Figure 1C). The
molecular weight of TR4 was determined by MALDI-TOF-
MS (see the Supporting Information, Figure S1) and the purity
was verified by reverse-phase HPLC (see the Supporting
Information, Figure S2). In the benign solvent (DMF), TR4
(500 M) showed no fluorescence. However, when H,O was
added into the DMF solution so that the fraction was above
90% (volume%), the fluorescence intensity of TR4 (500 uM)
increased dramatically (Figure 2A, B). As expected, the
fluorescence was turned on by AIE. When TR4 was added to
water at low concentrations (<200 M), it dissolved completely
and existed as monodispersed molecules because of the
presence of the hydrophilic moiety formed by the four arginine
residues. At concentrations of 200 #M and above, the TR4
solution turned fluorescent, as shown in Figure 2C and D,
indicative of aggregate formation. To confirm this mechanism,
we investigated the morphology of TR4 at different
concentrations by transmission electron microscopy (TEM).
As shown in Figure 2E, no typical nanostructures were
observed when the concentration of TR4 was 100 uM.
Consistent with the fluorescence measurements, TR4 self-
assembled to form some short nanofibers when the
concentration was raised to 200 uM (Figure 2F). At 500 uM,
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Figure 2. (A) Fluorescence spectra of TR4 (500 M) in DMF/water
mixtures with different water fractions (vol %). (B) plot of
fluorescence intensity (I) of TR4 (500 yuM) at 466 nm versus the
water fraction of the DMF/water mixture. I, = fluorescence intensity
of TR4 in pure DMF solution (4, = 330 nm). (C) Fluorescence
spectra of TR4 at different concentrations (25 yM to 1.0 mM) in
water. (D)Plot of peak fluorescence intensity (466 nm) of TR4 in
water versus concentration (4, = 330 nm); TEM images of
nanostructures of (E) TR4 (100 uM), (F) TR4 (200 uM), and (G)
TR4 (500 #M) in water.

TR4 formed a greater number of longer nanofibers (Figure
2G). These results were consistent with the observed AIE
fluorescence of TR4 in aqueous solution, ie. the bright
fluorescence was induced by the self-assembly of TR4. The
results also prompted us to use TR4 at a working concentration
below 100 yM for our next experiment, in order to keep the
probe in its monodisperse state and to eliminate background
fluorescence.

To test whether the probe can bind to lipid membranes, we
prepared liposomes and investigated whether TR4 could insert
into the amphiphilic lipid bilayer. TR4-free liposomes with a
diameter of about 100 nm were prepared by mixing
hydrogenated phosphatidylcholine (hsPC) and cholesterol
(see the Supporting Information, Figure S3). The cholesterol
was used to stabilize the liposomes. TR4-loaded liposomes
(TR4@liposomes) were then fabricated by incubating TR4
(10-100 M) with the liposomes for 30 min. As shown in
Figure 3A and B, the emission from the TR4@liposomes was
enhanced as the concentration of TR4 increased. Typically, the
emission of TR4 (50 uM) in water remained rather weak;
however, the turned-on fluorescence of TR4@liposomes (S0
uM) was observed under a 365 nm lamp and verified by
fluorescence spectroscopy (Figure 3C). Next, the integrity of
TR4@liposomes was investigated by TEM. As shown in Figure
3D, the morphology of TR4@liposomes was not changed,
indicating that the insertion of TR4 did not disturb the
structure of the liposomes, even though the FL intensity of TR4
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Figure 3. (A) Fluorescence spectra of TR4 embedding into liposomes,
where the concentration of TR4 ranged from 10 4M to 100 uM. (B)
Plot of fluorescence intensity of liposomes in the presence of TR4 at
466 nm versus concentration (4 ., = 330 nm). (C) Fluorescence
spectra of TR4 (S0 M) in water or in liposomes. Inset: photograph
showing fluorescence of TR4 in water (1), and TR4 in liposomes (2)
under UV light (365 nm). (D) TEM image of liposomes in the
presence of TR4 (50 uM).

was markedly strengthened. The reason for this is that after
insertion of TR4 into the liposomes, the alkyl chains of the lipid
bilayer restricted the rotation of the peripheral phenyl rings of
TPE.

As a proof-of-concept study, TR4 (50 uM) was incubated
with MCF-7 cells to investigate its properties as a cell
membrane tracker. When viewed by confocal laser scanning
microscopy (CLSM), untreated MCF-7 cells showed negligible
background fluorescence. However, after incubating live MCF-
7 cells with TR4, bright fluorescence was observed around the
cell membrane (green color; Figure 4A). No fluorescent signal
was visible in the nucleus and cytoplasm. To further confirm
the identity of the fluorescent region, the cell membrane was
specifically labeled using a commercial cell membrane tracker
(Dil; red color), as shown in Figure 4B. By merging the imaged
region, the green TR4 signal was found to colocalize with the
red Dil signal, providing evidence that TR4 colocalizes with the
cytoplasmic membrane (Figure 4C). Furthermore, three-
dimensional (3D) visualization also confirmed that only the
cell membrane, and not the nucleus or cytoplasm, was stained
by TR4 (Figure 4D). These results indicated that TR4 is an
alternative fluorescent bioprobe that can specifically stain cell
membranes.

Before TR4 can be used as a membrane tracker, two
important parameters, dose and staining time, should be
investigated. The use of higher tracker concentrations and
longer staining times could both contribute to higher
fluorescence intensity, but they also increase the risk of the
tracker penetrating through the cell membrane into the
cytoplasm, which would decrease the S/N ratio. Thus, we
first investigated the effect of dose by incubating MCF-7 cells
with TR4 at different concentrations (20, 40, and 50 uM) for
30 min, as shown in Figure SA. As the TR4 concentration
increased, the FL intensity of the cell membrane also increased.
When MCE-7 cells were incubated with TR4 at a concentration
of 20 uM, the distribution of fluorescence in the cytoplasmic
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Figure 4. Living MCF-7 cells were incubated with S0 M TR4 for 30
min and 10 M Dil in PBS solution for 10 min at 37 °C. (A) CLSM
image of TR4 (green, 4., = 405 nm); (B) CLSM image of Dil (red, A,
= 543 nm); (C) merged image of panels A and B; (D) 3D
luminescence image of panel C.

A 20 puM 40 yM

Figure 5. (A) CLSM images of living MCF-7 cells incubated with TR4
at concentrations of 20, 40, and 50 M for 30 min (green, 4., = 405
nm); (B) CLSM images of living MCF-7 cells incubated with TR4 (50
uM) (green, A, = 405 nm) for S, 15, and 30 min.

membrane was punctate and not continuous. When the
concentration increased to S50 uM, the distribution of
fluorescence in the cytoplasmic membrane was uniform and
continuous. However, interestingly, when the concentration
was increased to 70 uM, the nuclear membrane was brightly
labeled by TR4 (see the Supporting Information, Figure S4A).
Next, we investigated the effect of staining time by incubating
MCE-7 cells with TR4 at SO uM for different times (S, 15, and
30 min), as shown in Figure SB. The results were similar to the
effect of dose in that the FL intensity of the cell membrane was
higher and the distribution was more uniform as the labeling
time increased. When the incubation time was extended to 60
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min, we also observed that the nuclear membrane was labeled
by TR4 (see the Supporting Information, Figure S4B). It seems
that TR4 is a suitable bioprobe for tracking the cell membrane
and the nuclear membrane together. However, to track the
cytoplasmic membrane alone, MCF-7 cells should be incubated
with TR4 for 30 min at concentrations under 50 M. Next, to
investigate the universal applicability of TR4 in different cell
lines, we incubated TR4 with HepG-2 and HUVEC cells at 50
M for 30 min and found that the probe could also light up the
cytoplasmic membranes of these cells (see the Supporting
Information, Figure SS). Subsequently, the cytoxicity of TR4
(0.05—50 uM) toward the MCF-7 cell line was determined by
MTT assay and the cellular viability was calculated to be more
that 80% in the presence of TR4 (0.05—50 uM) after
incubation for 30 min (see the Supporting Information, Figure
S6). This result indicated that TR4 has low cytoxicity at the
concentrations used for cell staining.

Photostability is an important feature of a probe used for
biological applications. The photostability of TR4 and Dil in
living cells was investigated by continuous laser exposure using
CLSM. After scanning for 9 min, the normalized fluorescence
intensity from TR4 was more than 95% of the original intensity,
but the normalized fluorescence intensity from Dil was only
about 10% (Figure 6). The CLSM images showed a clear
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Figure 6. (A) Fluorescence intensity of living MCF-7 cells that were
treated with TR4 (green) and Dil (red), then scanned by CLSM for
increasing amounts of time (0—9 min); (B) CLSM images of living
MCEF-7 cells treated with TR4 (green) or Dil (red) with increasing
scanning time (0—9 min). Scale bars are 10 ym.

dynamic difference in the fluorescence intensity of TR4 and
Dil, and gave strong evidence that TR4 has superior
photostability to Dil for bioimaging.

Recently, two-photon microscopy, which employs two near-
infrared photos as the excitation source, has attracted more and
more attention because of its advantages including deeper
tissue penetration, efficient light detection and reduced
phototoxicity.”®** As previously reported, some TPE-based
fluorescent dgres have two-photon absorption characteristics for
bioimaging.3 Therefore, we sought to utilize TR4 as a two-
photon bioprobe to track cell membranes by two-photon
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microscopy. Using 700 nm two-photon microscopy excitiation
in scanning lambda mode, the cytoplasmic membranes of TR4-
labeled HUVEC cells exhibited intense fluorescence (green
color) (see the Supporting Information, Figure S7). This gives
TR4 a further advantage over traditional cell membrane dyes.

In summary, we demonstrated the RIR characteristics of TR4
and utilized it as a fluorescence bioprobe for tracking cell
membranes. The RIR characteristic was confirmed by the
photophysical properties of TR4, which showed high
fluorescence intensity in the aggregated state and strong
emission after insertion into liposomes in its monodisperse
state. Based on these studies, TR4 was utilized to specifically
illuminate cell membranes. It showed universal applicability in
different cell lines and was highly photostable. Furthermore, the
two-photon excitation characteristic of TR4 opens up many
new strategies for tracking cell membranes in bioimaging
studies.
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Synthesis and characterization of TR4, dynamic light scattering,
emission spectra, CLSM images, cytotoxicity studies, and two-
photon microscopy. This material is available free of charge via
the Internet at http://pubs.acs.org.
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