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ABSTRACT: Anionic phospholipids are key cell signal mediators.
The distribution of these lipids on the cell membrane and
intracellular organelle membranes guides the recruitment of
signaling proteins leading to the regulation of cellular processes.
Hence, fluorescent sensors that can detect anionic phospholipids
within living cells can provide a handle into revealing molecular
mechanisms underlying lipid-mediated signal regulation. A major
challenge in the detection of anionic phospholipids is related to the
presence of these phospholipids mostly in the inner leaflet of the
plasma membrane and in the membranes of intracellular
organelles. Hence, cell-permeable sensors would provide an
advantage by enabling the rapid detection and tracking of
intracellular pools of anionic phospholipids. We have developed
a peptide-based, cell-permeable, water-soluble, and ratiometric
fluorescent sensor that entered cells within 15 min of incubation via the endosomal machinery and showed punctate labeling in the
cytoplasm. The probe could also be introduced into living cells via lipofection, which allows bypassing of endosomal uptake, to
image anionic phospholipids in the cell membrane. We validated the ability of the sensor toward detection of intracellular anionic
phospholipids by colocalization studies with a fluorescently tagged lipid and a protein-based anionic phospholipid sensor. Further,
the sensor could image the externalization of anionic phospholipids during programmed cell death, indicating the ability of the probe
toward detection of both intra- and extracellular anionic phospholipids based on the biological context.

■ INTRODUCTION

Anionic phospholipids are essential structural and functional
constituents of both cellular and intracellular membranes.1−3 A
major anionic phospholipid on the eukaryotic cell membrane is
phosphatidylserine (PS), which constitutes 10−15% of the
total plasma membrane phospholipid population.1,4,5 PS is also
present in lower percentages (∼1−5%) in intracellular
organelles like the endoplasmic reticulum, Golgi complex,
and mitochondria. Further, PS constitutes around 8.5% of total
phospholipids in early endosomes and 2.5−3.9% in late
endosomes.6,7 Another major anionic phospholipid, phospha-
tidylinositol (PI),8 which is a precursor of phosphoinositides
(PIPs), is typically present in the endoplasmic reticulum and
the Golgi complex while PIPs, which are also anionic lipids,
constitute less than 2% of the plasma membrane phospholi-
pids.9 Phosphatidic acid (PA) and phosphatidylglycerol (PG)
are minor anionic phospholipids that are each present in ∼1−
2% or less of the total cellular phospholipids.10,11 This
repertoire of anionic phospholipids mediates key cell signaling,
membrane trafficking, and nuclear events.3 Electrostatic
interactions of negatively charged polar headgroups of anionic
phospholipids with positively charged interfaces of cytoplasmic
proteins form the basis of lipid−protein interactions at the
membrane cytosol interface.12,13 These initial interactions lead

to downstream signaling events that regulate cellular
processes.9

Under physiological conditions, anionic phospholipids are
almost exclusively present in the inner leaflet of the plasma
membrane and in intracellular organelle membranes.14 The
plasma membrane asymmetry arising due to the localization of
anionic phospholipids in the inner leaflet is teleologically
linked to their mediatory roles in the transmission of cellular
signals from the membrane to intracellular compart-
ments.4,8,9,12,13,15−17 To achieve molecular insights into the
functional roles of anionic phospholipids in cell signaling and
membrane trafficking, it is therefore necessary to develop cell-
permeable, reversible, and fluorescent sensors that can track
intracellular anionic phospholipids in an optical imaging
platform.
To date, most fluorescent sensors for anionic phospholipids

including both protein-based and small molecule-based
sensors, except a few, are cell-impermeable.2,15,18−25 In an
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attempt to develop a cell-permeable fluorescent sensor for
anionic phospholipids, we scanned short peptides that could
bind PS, as PS constitutes the highest percentage among all
anionic phospholipids in eukaryotic cells. We reckoned that
short peptides derived from binding sites of proteins that
interact with anionic phospholipids would be positively
charged and hence might be inherently cell-permeable.26 We
zeroed in on PSBP-6 (FNFRLKAGAKIRFG) a peptide
derived from the protein PS decarboxylase.27,28 Previous
studies had shown that this peptide could bind to PS on the
extracellular leaflet of the plasma membrane during pro-
grammed cell death or apoptosis.27,29 This is because PS flips
to the outer leaflet of the plasma membrane during apoptosis,
and this process acts as an “eat me” signal for phagosomes to
clear out the dying cell.30,31 However, we could not find any
report on whether this peptide was cell-permeable and on
whether the peptide was PS selective or could bind to other
anionic phospholipids as well. We hypothesized that, since the
charge on PSBP-6 is +4, it could serve as a scaffold for the
development of a cell-permeable anionic phospholipid sensor.
We attached a ratiometric polarity sensitive dye, DAN, to

the N-terminus of the peptide via a reaction of the dye
precursor acrylodan with a cysteine residue. The resultant
sensor afforded a distinct shift in emission from the green
region of the visible spectrum to the blue region upon binding
anionic phospholipids. The sensor had the highest binding
affinity toward PS followed by PA, phosphatidylinositol-(4,5)-
bisphosphate (PIP2), and PG. Since the levels of PA, PIP2,
and PG are significantly lower than that of PS in eukaryotic
cells, we expected that the probe would mostly detect PS over
the other major anionic phospholipid PI. Importantly, our
minimalistic dye−peptide conjugate-based probe was cell-
permeable. The probe afforded punctate staining in the
cytosol, and the PS sensing ability of the probe was validated
by imaging PS externalization during apoptosis. Since the
probe was taken up into the cells via an active pathway and
possibly remained within the endolysosomal compartments
thereby imaging PS within these vesicles, we could not directly
image PS on the inner leaflet of the plasma membrane when
the probe was simply incubated with cells. However, when the
probe was incorporated into living cells via lipofection to
bypass the active uptake pathway, it lighted up the plasma
membrane along with the intracellular compartments,
indicating its potential toward detecting different pools of
intracellular anionic phospholipids depending on the mode of
cellular uptake.

■ RESULTS AND DISCUSSIONS
A cell-permeable, ratiometric, and fluorescent anionic
phospholipid sensor was designed by conjugating a PS binding
peptide, PSBP-6, to a polarity sensitive dye DAN (Figure 1A).
The DAN dye undergoes a blue-shift in its emission maxima

in nonpolar medium with respect to its emission in polar
medium.20,32−34 Hence, we hypothesized that, once the
peptide would bind to anionic phospholipids, the dye would
come closer to the membrane35 and its emission maxima
would shift, affording a ratiometric fluorescent sensor for
anionic phospholipids. The sensor will be henceforth referred
to as the DAN-anionic phospholipid sensor (DAN-APS).
DAN-APS was synthesized in two steps (Scheme S1). The
peptide sequence CFNFRLKAGAKIRFG, Cys-PSBP-6, was
synthesized via solid-phase peptide synthesis. Acrylodan was
then conjugated to the N-terminal cysteine residue of the

peptide in solution phase to afford DAN-APS. The sensor was
purified by HPLC and characterized by LC-ESI-MS and
MALDI (Figures S1, S2, and S3). The probe was highly water-
soluble with a log P value of −0.93 ± 0.03 based on the
partition of DAN-APS between water and octanol layers. Since
DAN-APS was water-soluble, all experiments were performed
by making stock solutions of the sensor in water followed by
dilution in aqueous buffer.
The DAN dye has a broad absorption maxima peak at 365

nm.36 Importantly, the dye has a two-photon absorption cross-
section of 75 GM allowing excitation at 780 nm using a
multiphoton setup.37,38 Multiphoton excitation at longer
wavelengths affords greater detection sensitivity in living cells
due to the low absorption of near-infrared radiation by
biological molecules. The broad absorption of the dye peaked
at 371 nm after conjugation to the peptide (Figure S4),
indicating that the conjugation step did not significantly affect
the spectral features of the dye.
We next examined the fluorescence response of DAN-APS

in the presence of physiologically relevant phospholipids
(Figures 1B and S12). Small unilamellar vesicles (SUVs)
were prepared as membrane mimics (details of SUV
preparation are provided in Table S1, along with SUV
characterization in Figures S5−S11 and Tables S2 and S3),
and the SUVs were used to determine the in vitro selectivity of
the sensor. Phosphatidylcholine (PC) is the most abundant
phospholipid in mammalian cells.3 Hence, SUVs were
prepared by mixing phospholipids with PC in varying molar
ratios. The fluorescence emission response of the sensor
showed a clear blue shift in the presence of SUVs containing
anionic phospholipids upon excitation at 380 nm. The
emission maxima shifted from 525 to 480 nm with a
concomitant increase in emission at 480 nm for PS upon
titrating with SUVs containing increasing percentages of PS.

Figure 1. (A) Chemical representation of DAN-APS. (B) In vitro
fluorescence response of DAN-APS with PS. Fluorescence emission
spectra (λex: 380 nm) of individual solutions containing DAN-APS
(1.5 μM) in 20 mM Na-HEPES, 100 mM NaCl (pH 7.4), added with
either no lipid (black) or SUVs containing 1 mol % (red), 2 mol %
(blue), 5 mol % (green), 10 mol % (purple), 15 mol % (yellow), 20
mol % (cyan), 25 mol % (brown), 30 mol % (pear), and 35 mol %
(saffron) PS mixed with PC such that the total lipid concentrations
were 20 μM. (Inset) Plot of the ratiometric response of the sensor
versus PS concentration. To obtain the dissociation constant (Kd), the
response curve was fitted to eq 6 in the Supporting Information.
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The quantum yields for DAN-APS and PS bound DAN-APS
were determined to be 0.07 and 0.20, respectively (Figure
S13).
Similar blue shifts were also observed when SUVs containing

increasing percentages of other anionic phospholipids
including PA, PIP2, PG, and PI were titrated into DAN-APS
solutions. However, the sensor did not afford any blue shift in
emission in the presence of major zwitterionic phospholipids
like PC and phosphatidylethanolamine (PE). A decrease in the
emission of the sensor in the green region (525 nm) was
observed for these lipids with no associated increase in the
emission in the blue region (480 nm), indicating weak binding
of the sensor to zwitterionic lipids. Since DAN-APS has an
overall positive charge, in order to check whether the
ratiometric response of DAN-APS toward anionic phospholi-
pids might be altered in the presence of soluble anionic
phosphates, the probe response to PS was measured in the
presence of inositol phosphates. The ratiometric response of
DAN-APS to PS remained unaltered even in the presence of
eight times higher molar equivalents of these negatively
charged sugars with respect to molar equivalents of PS (Figure
S14a) further validating the specificity of our probe. Finally,
upon addition of the unlabeled PS-binding peptide, Cys-
PSBP-6, to DAN-APS bound to PS, we observed that the
emission maxima shifted back to 518 nm from 476 nm (Figure
S14b). Although the spectra did not shift back completely to
that of the unbound probe (emission maxima at 526 nm),
indicating the higher affinity of DAN-APS toward PS in
comparison to that of Cys-PSBP-6 toward PS, the data clearly
showed that the DAN-APS probe response was reversible. The
in vitro titration experiments distinctly indicated that DAN-
APS could selectively detect anionic phospholipids over
neutral phospholipids.
Binding isotherms were generated by taking the ratio of

emission intensities at 450 and 525 nm (Figures 1B, inset, and
S12; equations used and the derivation are in Section 11 in the
Supporting Information). On the basis of a single-site binding
model39 where one molecule of the peptide-based probe would
bind to one molecule of the lipid, the plots were fitted to eq 6
in the Supporting Information to obtain association constant
(Ka) values for both anionic and neutral phospholipids
(Figures 1B and S12 and Table 1). DAN-APS afforded the
highest Ka value with PS, as expected. The Ka value of DAN-
APS toward PS was 1.9 times higher than the Ka of DAN-APS
toward PA. Other anionic phospholipids like PIP2 and PG had
∼2.5 times lower Ka values toward DAN-APS in comparison to
PS. Importantly, the probe had a 24 times higher affinity
toward PS when compared to the other major anionic
phospholipid PI.
Considering the facts that DAN-APS showed the highest

affinity toward PS and that PS is the major anionic
phospholipid in eukaryotic cells, we imaged giant unilamellar
vesicles (GUVs) with increasing levels of PS using multiphoton
excitation (780 nm) in a confocal microscopy setup (Figure
2A). This experiment provided an assessment on the visual
response of the sensor and would form the basis of
experiments in living cells. Emission in the blue channel (λem

of 420−460 nm) represented the response of the lipid bound
sensor. An increase in the blue channel intensity was observed
with increasing PS levels in the vesicles, indicating that the
probe could be applied for sensing PS in a confocal microscopy
setup (Figure 2B).
We next evaluated the in-cell response of DAN-APS. In

order to check if the response of DAN-APS might be affected
in cellular media, the response of the probe was first recorded
via an in vitro fluorescence titration experiment with SUVs in
cell culture media (Figure S15). The data indicated that the
probe response remained unaltered in cell culture media with a
similar blue shift and fluorescence enhancement. Further, an
MTT assay on DAN-APS indicated that ∼65% cells were
viable at less than 10 μM incubation concentrations with up to
a 1 h incubation with increased toxicity at higher

Table 1. Association Constant Values (Ka × 106 (M−1)) of DAN-APS for Different Phospholipids

PS PA PIP2 PG PI PE PC

1.20 ± 0.28 0.63 ± 0.15 0.47 ± 0.14 0.43 ± 0.18 0.05 ± 0.02 NBa 0.04 ± 0.02
aNB: No binding.

Figure 2. Confocal fluorescence images using multiphoton excitation
(λex: 780 nm) showing the response of the probe DAN-APS in the
presence of GUVs with increasing PS levels. (A) Blue channel images
(λem: 420−460 nm) of GUVs composed of only PC, 2 mol % PS, 5
mol % PS, 9 mol % PS, 13 mol % PS, and 16 mol % PS in PC
incubated with 1.5 μM DAN-APS in 20 mM Na-HEPES, 100 mM
NaCl (pH 7.4). Scale bar, 5 μm; calibration bar, 0 to 65 535. (B) Bar
plots representing the average blue channel fluorescence intensities of
the GUVs. Mean fluorescence intensities have been plotted, and error
bars indicate the standard deviation derived from the intensity analysis
of ten GUVs of each composition.
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concentrations (Figure S16). Hence, we decided to incubate
cells with low μM levels of the probe for at most 15 min to
check cellular uptake. Thus, living HeLa cells were incubated
with the sensor for 15 min at 37 °C and imaged in a confocal
microscopy setup using an excitation wavelength of 780 nm
(Figure 3, top row). Emission was collected simultaneously in

blue (λem: 420−460 nm) and green (λem: 560−590 nm)
channels. The blue channel emission corresponded to the
lipid-bound sensor while the green channel emission would
account for lipid-bound and unbound sensor. We observed
punctate staining of the cytoplasm and parts of the cell
membrane. The z-stacks of the confocal images (Figure S19)
distinctly indicated that DAN-APS was cell-permeable within
the 15 min incubation time. While punctate staining within the
cytoplasm was expected due to the presence of anionic
phospholipids in intracellular organelles, the punctate staining
of the plasma membrane was contrary to our expectation. This
was because protein-based transfectable PS probes usually
uniformly light up the plasma membrane, indicating uniform
distribution of this lipid in the membrane.15,19 We suspected
that the probe was being incorporated into cells via an active
uptake pathway, which led to the probe being trapped within
intracellular vesicles. When HeLa cells were incubated with
DAN-APS at 4 °C40 (Figure 3, bottom row), the probe did not
enter the cells, confirming our hypothesis regarding an active
uptake pathway. In order to eliminate any possibility of probe
aggregation leading to punctate staining at either 37 or 4 °C,
we performed dynamic light scattering (DLS) experiments of
DAN-APS solutions in cell culture media at both temperatures.
The data (Figure S17) indicated no aggregation, further
validating the endosomal uptake of the probe.
In order to test whether the probe could also light up

anionic phospholipids in the inner leaflet of the plasma
membrane, we then incorporated DAN-APS into HeLa cells
via lipofection (Figure 3, middle row) as this method could
bypass the active uptake mode.41 As an initial check, to ensure
that the fluorescence response of the probe remained similar

upon lipofection, we recorded the fluorescence emission of
DAN-APS in the presence of lipofectamine (Figure S20). The
spectral features of the probe in the presence of lipofectamine
and the ratio of emission at 450 to 525 nm remained similar to
that of free DAN-APS. Cells in which the probe was
incorporated via lipofection showed uniform lighting up of
the plasma membrane (λex: 780 nm; via multiphoton
excitation), indicating that DAN-APS might be applicable for
the detection of intracellular PS in the plasma membrane as
well, when introduced into cells via lipofection.
We reasoned that the intracellular punctate staining

observed when the probe was directly incubated in living
cells could be intracellular pools of PS, which are reported to
exist in endosomes and lysosomes.6,15,19 Hence, we performed
colocalization studies with lysosomal and endosomal markers
(Figure 4, first and second rows). We indeed observed

colocalization with LysoTracker Red (tM1: 0.54 ± 0.14; tM2:
0.53 ± 0.11) and endosomal marker Dextran AlexaFluor 546
(tM1: 0.55 ± 0.18; tM2: 0.44 ± 0.12). The Mander’s
coefficient values indicated partial colocalization with endoly-
sosomal vesicles, signifying that the probe was taken up by an
active pathway and was trapped in these vesicles. Minimal

Figure 3. Representative confocal single z-plane images of living
HeLa cells. Cells were incubated with 7 μM DAN-APS for 15 min at
either 37 °C (first row) or 4 °C (third row) in serum-free DMEM
media, pH 7.4. For the lipofection experiment, DAN-APS (10 μg)
was incorporated into live HeLa cells via lipofection (second row, 37
°C) and washed. DAN-APS was excited with a two-photon laser (λex:
780 nm). Fluorescence emission: blue channel (λem: 420−460 nm);
top row green channel (λem: 560−590 nm); middle and bottom row
green channel (λem: 510−540 nm). Differential interference contrast
(DIC) images in right column. Scale bar, 10 μm.

Figure 4. Representative confocal single z-plane images of living
HeLa cells incubated with LysoTracker Red (200 nM, 30 min),
Dextran AlexaFluor 546 (10 μM, 4 h), or TopFluor PS (2.7 μM, 15
min, 0 °C) or transfected with Lactadherin C2-RFP plasmid and
incubated with DAN-APS (7 μM, 15 min) at 37 °C in DMEM, pH
7.4, with no phenol red and serum, and washed. The cells were
irradiated with λex of either 561 nm (for Lysotracker, Dextran, and
Lactadherin C2-RFP) or 488 nm (for TopFluor PS) and a two
photon laser (λex: 780 nm) for DAN-APS. The fluorescence emissions
at the marker channel (for Lysotracker and Dextran, λem: 570−650
nm; TopFluor PS, λem: 500−550 nm; Lactadherin C2-RFP, λem: 570−
700 nm) and blue channel for DAN-APS (λem: 420−460 nm) were
collected successively. Scale bar, 5 μm. The colocalization of organelle
trackers and PS markers (red false-color) with DAN-APS (green false-
color) is depicted by yellow spots in merged panel. DIC images in left
column.
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colocalization was observed with either mitochondrial tracker
or a general plasma membrane marker (Figure S21).
In order to directly confirm if the intracellular staining was

due to the presence of PS on these vesicles, we performed
colocalization studies of directly incubated DAN-APS with a
fluorescently tagged PS analog, TopFluor PS,42 and a
transfectable protein-based PS sensor, Lactadherin C2-RFP15

(Figure 4, third and fourth rows). Unlike these probes, directly
incubated DAN-APS did not label the plasma membrane, but
the intracellular staining of our probe closely resembled that of
these orthogonal PS probes. Mander’s coefficient values
(TopFluor PS, tM1: 0.39 ± 0.07, tM2: 0.45 ± 0.13;
Lactadherin C2-RFP, tM1: 0.42 ± 0.26, tM2: 0.51 ± 0.20)
indicated partial colocalization as expected since DAN-APS
only lighted up intracellular vesicles and not the plasma
membrane. Importantly, bleed-through control experiments
indicated no overlap between DAN-APS emission and other
tracker/orthogonal PS probe emissions (Figures S22 and S23).
The colocalization data with fluorescently tagged PS and the
protein-based PS sensor, taken together, showed that DAN-
APS could image PS in intracellular vesicles upon direct
incubation with cells.
Further, the live cell confocal images of lipofected DAN-

APS were very similar to that of both TopFluor PS and
Lactadherin C2-RFP (Figure S24) and showed lighting up of
both the plasma membrane and intracellular vesicles. These
studies distinctly showed that DAN-APS is a cell-permeable PS
sensor that could image different pools of intracellular PS
depending on the mode of uptake, i.e., incubation versus
lipofection.
As a final validation of DAN-APS as an anionic phospholipid

sensor and a potential PS sensor, we imaged apoptotic cells
that show characteristic PS externalization.30,31,43 HeLa cells
were treated with either cisplatin44,45 or H2O2

46 to induce
apoptosis and incubated directly with DAN-APS (Figure 5A).
Both DAN-APS and Annexin V-Alexa Fluor 647 (Anx V-AF
647), which is a protein-based apoptotic marker, labeled the
membranes of apoptotic cells (Figure 5A), showing that DAN-
APS could detect anionic phospholipids, especially PS in
cellular systems. Importantly, flow cytometry experiments were
performed to quantify the uptake of DAN-APS via direct
incubation in both viable (Figure S18) and apoptotic cells
(Figure 5B, a−c), and the data was compared to that of Anx V-
AF 647 (Figure 5B, d−f). DAN-APS stained 97.7 ± 2.9% of
cisplatin treated cells, which was similar to the results with Anx
V-AF 647, which also stained 98.4 ± 2.0% of the cisplatin
treated cells. Further coincubation of DAN-APS and Anx V-AF
647 in cisplatin treated cells distinctly showed that DAN-APS
could mark the same pool of apoptotic cells marked by Anx V-
AF 647 (Figure 5B, g−i). Hence, we conclude that DAN-APS
can detect both intracellular PS (Figure 3) and PS external-
ization during cell death (Figure 5).

■ CONCLUSIONS
We have developed a peptide-based, cell-permeable, water-
soluble, ratiometric, and reversible anionic phospholipid
sensor, DAN-APS. The sensor afforded the highest affinity
toward PS and also responded to other anionic phospholipids
like PA, PIP2, and PG. Intracellular staining of DAN-APS
resembled PS localization in both living and apoptotic cells,
indicating that the probe can be used to detect PS dynamics in
living cells in the future. Our modular sensor design strategy
based on a peptide-based PS detecting scaffold is amenable to

easy synthetic modifications, which should allow the develop-
ment of probes with lower toxicity, improved sensitivity, and
selectivity along with tunable targetability.

■ EXPERIMENTAL SECTION
Synthesis of DAN-APS. Peptides were synthesized via

solid-phase peptide synthesis on a fast-flow, solid-phase
peptide synthesizer.47 Rink amide resin was used as the

Figure 5. (A) Representative confocal single z-plane images of
apoptotic HeLa cells incubated with Anx V-AF 647 (15 min) and
DAN-APS (7 μM, 15 min) at 25 °C in buffer (10 mM HEPES, 140
mM NaCl, 2.5 mM CaCl2) and washed. For inducing apoptosis, HeLa
cells were incubated with cisplatin (20 μM, 24 h) or H2O2 (0.2 mM, 4
h) in serum-free DMEM media. The cells were irradiated with λex of
633 nm and a two photon laser (λex: 780 nm), and fluorescence
emissions at the red channel (λem: 650−700 nm) and blue channel
(λem: 420−460 nm) were collected successively. DIC images in left
column. Scale bar, 5 μm. (B) Representative flow cytometry results
indicating the effectiveness of DAN-APS for the detection of both
viable and apoptotic cells. Cells were treated with either DAN-APS (7
μM, 15 min) (b, c) or Anx V-AF 647 (e, f) or both DAN-APS and
Anx V-AF 647 (g, h). Data for probe untreated control cells are
shown (a) and (d). All measurements were performed at 25 °C in 10
mM HEPES, 140 mM NaCl, 2.5 mM CaCl2. For flow cytometry
experiments, the following excitation sources/emission filters were
used: Anx V-AF 647, 640 nm/670 nm; DAN-APS, 405 nm/450 nm.
Cell count versus mean fluorescence intensities of either DAN-APS or
Anx V-AF 647 are plotted as histograms (a−h). (i) Scatter plot of
apoptotic cells treated with both DAN-APS and Anx V-AF 647.
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solid-phase for synthesis. After synthesis, peptides were cleaved
from the resin beads, purified using HPLC, and characterized
via LC-ESI-MS and MALDI-TOF-MS. For dye labeling, the
peptide was mixed with acrylodan in anhydrous DMF and
allowed to react for 6 h at room temperature. Following the
labeling step, the reaction mixture was purified via HPLC.
Purified fractions containing the DAN labeled peptide were
characterized using LC-ESI-MS and MALDI-TOF-MS. De-
tailed procedures for synthesis and characterization data are
included in Sections 1−5 in the Supporting Information.
Fluorescence Titrations with SUVs. Fluorescence

measurements with DAN-APS were performed in 20 mM
Na-HEPES buffer with 100 mM NaCl (pH 7.4). The
concentrations of the DAN-APS stock solutions in deionized
water were measured from absorption spectra on the basis of
the extinction coefficient of Prodan at 365 nm.36 SUV
solutions with different percentages of phospholipids (PS,
PA, PIP2, PG, PI, PE) mixed with PC were prepared (details in
Section 8 in the Supporting Information). Fluorescence spectra
of individual solutions containing only the sensor or a mixture
of the sensor and SUVs were recorded on a fluorescence
spectrophotometer by exciting the sensor at 380 nm (details in
Section 10 in the Supporting Information).
Confocal Fluorescence Imaging of GUVs. GUVs of

specific phospholipid compositions were prepared and then
incubated with the sensor solution (see Section 15 in the
Supporting Information). For imaging, the GUV solutions
were taken out and transferred into an 8 well glass bottomed
imaging chamber. The GUVs were allowed to settle down to
the bottom of the wells and imaged on a confocal fluorescence
microscope (imaging details in Section 16 in the Supporting
Information). GUVs were located by monitoring transmission
images. The sensor was excited at 780 nm via two photon
excitation, and the emission was collected at the blue channel
(420−460 nm).
Live Cell Experiments with DAN-APS. Living HeLa cells

were plated on glass bottomed imaging plates. The cells were
serum starved for 4−5 h prior to imaging. Media was removed,
and the cells were washed with DMEM (without phenol red
and serum) and incubated with a DAN-APS solution in the
same media for 15 min. After incubation, the cells were washed
and taken for imaging (details of cell culture and imaging in
Sections 17 and 19 in the Supporting Information).
For the lipofection experiments, the DAN-APS sensor was

mixed with lipofectamine reagents for 15 min at room
temperature. Cells were washed with Opti-MEM media and
then incubated with the lipofection mixture at 37 °C in a CO2
incubator for 4.5 h. After incubation, the lipofection mixture
was removed and the cells were washed with DMEM (without
phenol red and serum) and taken forward for imaging in the
same media (details of cell preparation and imaging in Section
19 in the Supporting Information).
Colocalization Studies with Organelle Trackers and

Other PS Sensitive Probes. Serum starved HeLa cells,
plated on glass bottomed imaging plates, were first incubated
with solutions of organelle trackers. The organelle trackers
used were LysoTracker Red, Dextran AlexaFluor 546,
MitoTracker Red, and CellMask Green. The cells were washed
with DMEM (without phenol red and serum) and incubated
with the DAN-APS sensor for 15 min. The cells were then
washed and taken for imaging (details in Section 24 in the
Supporting Information).

For checking the colocalization of DAN-APS with TopFluor
PS, the cells were incubated with TopFluor PS at 0 °C for 15
min. The cells were then washed with DMEM (without phenol
red and serum) at 37 °C and incubated with the DAN-APS
sensor for 15 min. The cells were then washed and taken for
imaging (details in Section 25 in the Supporting Information).
For imaging the colocalization of DAN-APS with

Lactadherin C2-RFP, the protein-based probe was expressed
in HeLa cells via transfection. The transfected cells were
incubated with the DAN-APS sensor for 15 min. The cells
were then washed and taken for imaging (details in Section 26
in the Supporting Information).

Experiments in Apoptotic Cells with DAN-APS. HeLa
cells were incubated with either cisplatin for 24 h or hydrogen
peroxide for 4 h to induce apoptosis. The cells were then
washed and incubated with an Anx V-AF647 solution for 15
min. The AnxV treated cells were washed and incubated with
the DAN-APS sensor for 15 min. The cells were then washed
again and taken for imaging (details in Section 30 in the
Supporting Information).

Flow Cytometry Experiments. For flow cytometry
experiments, apoptosis was induced in HeLa cells with
cisplatin. Both cisplatin untreated (control) and apoptotic
cells were incubated with either DAN-APS or Anx V-AF 647
for 15 min, leading to four sets of cells: (1) cisplatin untreated
cells incubated with DAN-APS; (2) cisplatin treated cells
incubated with DAN-APS; (3) cisplatin untreated cells
incubated with Anx V-AF 647; (4) cisplatin treated cells
incubated with Anx V-AF 647. Another set of cisplatin treated
cells was first incubated with Anx V-AF 647, washed, and then
incubated with DAN-APS. As controls for the flow cytometry
experiments, cells not treated with cisplatin and without any
dye incubation were used. The cells were washed and used for
flow cytometry measurements (details in Section 21 in the
Supporting Information).
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