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Apoptosis, or programmed cell death, is a normal physiolo-

gical process that occurs during embryonic development;

the process plays an important role in maintaining tissue

homeostasis.[1] Defective apoptosis can lead to several

pathological conditions, such as neurodegenerative disor-

ders, cardiovascular diseases, and cancers.[2] Diagnosis of

apoptosis is therefore of great importance for the early

determination of therapy efficiency and the evaluation of

disease progression. Traditional intracellular methods for

detecting apoptosis are based on changes in caspase activity

and cytoplasmic compartments.[3] A popular extracellular

method for the detection of apoptosis involves monitoring of

the distribution of phospholipids on the cell surface.[4] In

particular, phosphatidylserine (PS),which usually constitutes

less than 10% of the total phospholipids in cell membranes,

plays an important role in phospholipid scrambling that

occurs during the early stages of apoptosis.[5] The appearance

of PS on the outer leaflet of cell membranes is a universal

indicator of the initial stage of apoptosis.[6] The most popular

method for detecting PS on the cell surface involves the use of

annexin V (AnxV), which is a calcium-dependent 35 kDa PS-

binding protein.[7] Theuse of dye-labeledAnxVsimplifies the

method and makes it effective for the detection of apoptotic

cells. However, this method is expensive and has some

technical limitations. For example, it has been reported that

AnxV can associate with membrane surfaces containing the
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by-product of lipid peroxidation.[8] Moreover, the 2.5mM

extracellular calcium required for complete PS binding can

give rise to false-positive signals because most animal cells

have a calcium-dependent scramblase that can transport

PS from the inner leaflet to the outer leaflet of the cell

membrane.[9] Furthermore,AnxVmay not have the chemical

stability required for high-throughput drug screening and in

vivo imaging of dying tissues.[10] Hence, it is desirable to

replace dye-labeled AnxV by a simple fluorescent substance

that is cost effective, highly sensitive, fast binding, and

calcium independent.

The Zn(II)–di-2-picolylamine complex (Zn(II)–DPA) is

a suitable alternative that can be used to detect the phosphate

moiety in PS. Smith et al. reported a Zn(II)–DPA-based

fluorescent PS sensor for apoptotic cell imaging and Tung

et al. reported a Zn(II)–DPA-conjugated peptide-based

nanosensor for the same purpose.[11] The X-ray crystal

structure of the AnxV–glycerophosphoserine complex[12]

suggests that a synthetic Zn(II)–DPA complex with an

appropriate charge, geometry, and spatial orientation may

selectively bind to PS in preference to various animal-cell-

membrane phospholipids, such as phosphatidylcholine (PC),

phosphatidylethanolamine (PE), and sphingomyelin (SM).

Previously, we have reported phenoxo-bridged Zn(II)–DPA

complex (pbZn(II)–DPA)-based chemosensors that selec-

tively detect pyrophosphate or diphosphate-containing

biomolecules in a wide pH range (6.5� 8.3).[13] We hypothe-

size that pbZn(II)–DPA can assume a preorganized rigid

structure for cooperative binding to the anionic phosphate

and carboxylatemoiety of PS and detect PS in the presence of

other zwitterionic phospholipids (PC, PE, and SM).As shown

in Figure 1, PS has two anionic groups that cooperatively bind

to four zinc coordination sites of pbZn(II)–DPA, while other

phospholipids areweakly bound to pbZn(II)–DPAdue to the

absence of the carboxylate group, which facilitates tight

binding with pbZn(II)–DPA, and the electrostatic repulsion

between Zn(II) and the ammonium cation of the phospho-

lipids. In this Communication, we report our findings on

(i) the selective binding of pbZn(II)–DPA toPS in preference

to other phospholipids and (ii) the fluorescent imaging of

apoptotic cells by use of pbZn(II)–DPA conjugated with

tris(2,2’-bipyridyl) ruthenium(II)-doped silica nanoparticles

(RSNPs).
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Figure 1. Proposed binding mode of pbZn(II)–DPA to a) PS and b) PC, PE, and SM. The red

arrow indicates charge repulsion between two cations. c) Chemical structures of PS, PC, PE,

and SM.

1500
To demonstrate the preferential binding ability of

pbZn(II)–DPA to PS as compared to the ability to bind to

PC, we prepared unilamellar vesicles comprised of PS and PC

and measured the change in the fluorescence intensity upon

the addition of the vesicles to 1�2Zn in 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer (10mM, pH7.4;

Figure 2). The fluorescence intensity of 1�2Zn remained un-

changed when treated with zwitterionic PC vesicles. However,

the addition of anionic vesicles comprising PC/PS (50:50)

resulted in a twelve-fold enhancement in the fluorescence

intensity; the addition of vesicles containing 10 mol% PS also

resulted in an eight-fold increase in the fluorescence intensity.

The increase in the fluorescence intensity upon treatment with

PS-containing vesicles is attributed to the weakening of the

bond between the phenolate oxygen atom and Zn(II) in 1�2Zn,
which results from the strong coordination of the four

carboxylate and phosphate oxygen atoms on PS to the two

Zn(II) ions. This in turn increased the negative charge on the

phenolate oxygen atom, which resulted in more extended

conjugation through the p-electron system.

After confirming that pbZn(II)–DPAselectively detects PS

ina solution,weassessed its ability to senseand imageapoptotic

cells. Jurkat T cells were treated with camptothecin for the

induction of apoptosis. They were then costained with 1�2Zn
and AnxV–fluorescein-isothiocyanate (FITC) with identical

concentrations (10 mM), respectively, and rinsed with culture

media. As shown in Figure 3, AnxV–FITC-positive cells were

also found to be positive to 1�2Zn. The merged image reveals

that both 1�2Zn and AnxV–FITC were colocalized on the cell

surface, as expected if they were to bind to PS.
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To realize multivalent binding and

fluorescence-signal amplification, we attached

multiple pbZn(II)–DPAs to RSNPs. We

used RSNPs containing a large number of

tris(2,2’-bipyridyl) ruthenium(II) fluorophores

in the silica matrix. Such RSNPs produce

amplified fluorescence emission, unlike a

single organic fluorescent dye.[14] In addition,

the low toxicity of RSNPs and the possibility

of carrying out surface modifications of

RSNPs to incorporate synthetic receptors by

well known methods make RSNPs attractive

for use in various applications, such as cell

imaging (Scheme 1). For details of the

synthesis, characterization, and cytotoxicity

of PS-specific receptor-conjugated RSNPs

(RSNPpbZn(II)–DPAs), see the Supporting

Information.

Toverify the selectivity ofRSNPpbZn(II)–

DPA to PS in preference to PC and PE, we

mixed aqueous solutions of RSNPpbZn(II)–

DPAwith PC, PE, and PS in CHCl3. As shown

in Figure 4, in the case of PC and PE in CHCl3,

fluorescence was observed in the upper

(aqueous) layer, indicating the presence of

RSNPpbZn(II)–DPA. However, in the case

of PS in CHCl3, RSNPpbZn(II)–DPA moved

to the lower (CHCl3) layer, implying the

occurrence of complexation between
RSNPpbZn(II)–DPA and PS. The translocation of

RSNPpbZn(II)–DPA from the aqueous solution to CHCl3
was further confirmed by the decrease in the fluorescence

of the aqueous solution with an increase in the concentration

of PS in CHCl3 from 0 to 500mM.

The fidelity of RSNPpbZn(II)–DPA to differentiate

apoptotic cells from viable cells was examined by fluores-

cence-activated cell sorting (FACS) of Jurkat T cells. Cells

were harvested and resuspended to form a suspension

containing 105 cells mL�1. 1mL of the cell suspension was

placed on a well plate and 10mM of the apoptosis inducer

(camptothecin) was added. The plate was incubated for 4 h.

Finally, RSNPpbZn(II)–DPA was added to the cell suspen-

sion and the suspension was incubated for 15min. The cells

were then collected and washed. The fluorescence histogram

of cells before and after apoptosis induction shows an

enhancement in thefluorescence intensity after camptothecin

treatment (Figure 5a). Next, we examined the specificity

of RSNPpbZn(II)–DPA for apoptotic cells. Cells were

incubated with camptothecin for 30min to produce evenly

distributed populations of living, apoptotic, and dead cells.

The whole population of the three types of cells was treated

with RSNPpbZn(II)–DPA and trypan blue. Trypan blue is a

well knownDNA-intercalating dye used in cell-viability tests

but it cannot distinguish between necrotic and apoptotic

cells.[15] The cells were then washed and analyzed by FACS

(Figure 5b). The yellow circle indicates living cells, whose

presence is evidenced by the low fluorescence intensity of

bothRSNPpbZn(II)–DPA and trypan blue. RSNPpbZn(II)–

DPA clearly discriminated between necrotic and apoptotic
nheim small 2010, 6, No. 14, 1499–1503



Figure 2. a) Chemical structure of 1�2Zn. b) Change in fluorescence

intensity I/I0 (excitation: 310 nm; emission: 450 nm) of 1�2Zn (5mM) in

HEPES buffer (10 mM, pH 7.4) upon addition of phospholipid vesicles

comprising PC/PS (50:50, lozenges), PC/PS (90:10, squares), and 100%

PC (triangles).

Figure 3. Apoptosis of Jurkat T cells induced by camptothecin (10mM) for

4 h. The cells were costained with a) 1�2Zn (10mM) and b) AnxV–FITC

(10mM). c) Merged image of (a) and (b). d) Phase-contrast image of the

same cells.
cells (two cell populations), as evident from the blue and red

circles. However, trypan blue could not distinguish apoptotic

cells (red) from necrotic cells (blue), both of which showed

high fluorescence intensities when treated with the stain.

Necrotic or dead cells have a highly anionic cell surface
Scheme 1. Schematic representation of RSNPpbZn(II)–DPA and the detec
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becauseof the rapid loss ofmembrane integrity, and therefore

they show the maximum fluorescence response (blue circle)

to RSNPpbZn(II)–DPA.[16] On the other hand, apoptotic

cells maintain the integrity of their plasma membrane

(at least initially) and show relatively weaker fluorescence

response (red circle) to RSNPpbZn(II)–DPA because

RSNPpbZn(II)–DPA can bind only to externalized PS.

The above-mentioned result strongly supports our

hypothesis that RSNPpbZn(II)–DPA can selectively detect

apoptotic cells.

Finally, we investigated the cellular distribution of

RSNPpbZn(II)–DPA by fluorescence microscopy. After the

induction of apoptosis by camptothecin for 30min, the Jurkat T

cells were treated with RSNPpbZn(II)–DPA and rinsed with

culturemedia. As shown in Figure 6, cells that were not treated

by camptothecin were not stained (Figure 6a). However,

apoptotic cells in camptothecin-treated media were selectively

stained with RSNPpbZn(II)–DPA (Figure 6b). Further,

confocal microscopy analysis revealed that the staining was

restricted to the exterior cell membrane and RSNPpbZn(II)–

DPAs were localized on the cell surface, as expected if
tion of PS on a phospholipid-rich cell surface.

H & Co. KGaA, Weinheim www.small-journal.com 1501
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Figure 4. a) Distribution of RSNPpbZn(II)–DPA in various phospholipid

solutions. RSNPpbZn(II)–DPA (50mg mL�1) was dissolved in HEPES

buffer. In each vial, the upper layer contains the HEPES buffer and the

lower layer consists of (from left to right): control, 20 mM PE in CHCl3,

20 mM PC in CHCl3, and 20 mM PS in CHCl3 under UV light. b) Change

in fluorescence intensity with increase in PS concentration. After

excitation at 458 nm, the fluorescence of aqueous layer at different

concentrations of PS (0, 1, 5, 25, 50, 75, 100, 250, and 500mM) in

CHCl3 was measured.

Figure 6. Microscopic images of Jurkat T cells stained with

RSNPpbZn(II)–DPA: a) not treated with camptothecin and b) treated with

camptothecin (30-min incubation). c) Confocal images of camptothecin-

treated (30-min incubation) Jurkat T cells stained with RSNPpbZn(II)–DPA

and d) the merged image of (c) and a phase-contrast image of the

same cell.

1502
the RSNPpbZn(II)–DPAs were to be bound to externalized

PS (Figure 6c and d).

In summary, our results imply that pbZn(II)–DPA

selectively binds to PS in preference to other phospholipids
Figure 5. a) FACS analysis of Jurkat T cells with RSNPpbZn(II)–DPA: untrea

b) After incubation with camptothecin (10mM) for 30 min, Jurkat T cells were t

circle indicates the population of dead cells, the red circle indicates the popu

living cells. (x axis: fluorescence intensity of Trypan blue; y axis: fluoresce

www.small-journal.com � 2010 Wiley-VCH Verlag Gm
such as PC, PE, and SM. Hence, it can be used to distinguish

between solutions containing different amounts of PS and

other phospholipids. Furthermore, RSNPpbZn(II)–DPAs

successfully bind to PS of apoptotic cells and are

positioned locally on the cell surface. Specifically, our data

show that RSNPpbZn(II)–DPAs can be useful in various

applications, such as apoptosis imaging and cell sorting,

and can help to provide an improved understanding of the

interactions between cell surfaces and the surrounding

materials. This approach is expected to be relevant

to various biomedical applications and assessment of

anticancer therapy.
ted (black line) and treated with camptothecin (10mM) for 4 h (red line).

reated with RSNPpbZn(II)–DPA and also stained with trypan blue. The blue

lation of apoptotic cells, and the yellow circle indicates the population of

nce intensity of RSNPpbZn(II)–DPA).
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Experimental Section

Vesicle preparations: All lipids were purchased from Sigma-

Aldrich, Inc., and stored as stock solutions in CHCl3 at –208C.

Lipids were added in appropriate ratios to round-bottom flasks.

The solvent was removed by rotary evaporation and the residual

solvent was removed by vacuum evaporation for 2 h. The dried

lipids were rehydrated in HEPES buffer (10 mM, pH 7.4) and the

flasks were then vortexed vigorously. The resulting lipid dispersion

was then filtered more than 20 times through a polycarbonate

membrane with a pore diameter of 200 nm. All vesicles were

prepared at room temperature and used the same day.

Fluorescence spectroscopy: Fluorescence spectroscopy was

performed on a Jasco FP-6500 spectrofluorometer with Spectra

Manager software (FP-6500 control driver) and by using

1�1�5 cm3 cuvettes. All measurements were performed at

258C without degassing the samples.

Cell culture: Jurkat T cells (clone E6-1) were grown in an RPMI

1640 medium containing 10% fetal bovine serum, which was

changed every �2–3 days. Apoptosis was induced by the addition

of camptothecine (1 mM in dimethyl sulfoxide (DMSO) stock) to the

culture medium (total concentration: 10mM) for 30 min or 4 h.

Induction of apoptosis was verified by staining propidium iodide

and AnxV–FITC in a calcium-containing buffer (BB; 1.8 mM CaCl2,

10 mM HEPES, 150 mM NaCl, 5 mM KCl, 1 mM MgCl2, pH 7.4). Cells

were analyzed with a FACS Calibur (Becton Dickinson) by following

the manufacturer’s manual.

Fluorescence microscopy: After the incubation of all reagents,

10mL of the cell suspension was placed on a slide and mounted

on an Axiovert 200 microscope (Carl Zeiss) or a confocal laser-

scanning microscope (FV-1000 Spectral, Olympus) to obtain

confocal laser-scanning images.
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