
Introduction
Phosphatidylserine (PS) is an anionic phospholipid which is con-
fined to the cytoplasmic side of the plasma membrane [1]. The
translocation of PS from the inner to the outer leaflet of plasma
membrane occurs in apoptotic cells, and is the most commonly
assessed molecular marker for the detection and measurement
of apoptotic cells under both in vitro and in vivo conditions [2].
The activated platelets, endothelial cells in the tumour vascula-
ture and apoptotic tumour cells have also been shown to expose

PS molecules on their cell surfaces [3–5]. The precise measure-
ment and monitoring of apoptosis is a matter of substantial value
in assessing the therapeutic response of tumours to radiation,
chemo- and photodynamic-therapies [6]; monitoring the course
of disease in myocardial infarction [7] and in the early diagnosis
of neurodegenerative diseases [8]. Additionally, constitutive
exposure in the tumour vasculature makes PS an attractive target
molecule for the selective delivery of therapeutic agents to
tumours [9]. Kuriyama et al. (2006) demonstrated the use of the
PS-interacting peptide as a carrier molecule for the genes [10].
Thus far, annexin V is the most extensively employed means of
measuring apoptosis under both in vitro and in vivo conditions
[11], and this has been coupled with a variety of molecular
probes (magnetic, radioactive or optical) for in vivo apoptosis
imaging. However, the requirement of a micromolar range of
 calcium for the optimal binding of annexin V to PS, as well as the
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Abstract

The exposure of phosphatidylserine (PS) molecules from the inner to the outer leaflet of the plasma membrane has been recognized as
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tothecin) indicated peptide homing to the tumour. The histological examination of tumour tissues showed intense staining of the tumour
vasculature and apoptotic tumour cells. With these results, the CLSYYPSYC peptide is recognized as a novel PS-recognizing moiety
which may possibly be developed into a molecular probe for the imaging of apoptosis in vivo. This application would clearly be relevant
to assessments of the efficacy of anticancer therapy in tumours.
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activation of transmembrane scramblase activity at this concen-
tration of calcium, resulting in non-specific exposure of PS, are
some of the limitations associated with the use of annexin V in
molecular apoptosis imaging [12].

The aforementioned studies attempted to seek alternatives to
annexin V, and demonstrated that fluorescent dyes [13], the zinc-
dipicolylamine co-ordination complex [14], dye-labelled cationic
liposome [15], peptide-labelled nanoparticles [16], short peptides
[17] and larger proteins including lactadherine and the C2A
domain of synaptotagmin I [18, 19] can detect the PS molecules
on the surfaces of apoptotic cells. Peptides specific to molecules
do have advantages over proteins and antibodies for a number of
reasons, including superior stability, non-immunogenicity, low
cost, easy labelling and rapid clearance and tissue penetration
[20]. Thus, the discovery of a peptide endowed with PS specifici-
ty could be extremely useful, and may result in the development of
a diagnostic means for the non-invasive imaging of apoptosis
under a variety of clinical conditions, and as a carrier molecule for
targeted therapy. Importantly, the construction of nanoparticles
coated with multiple numbers of peptides will enable the multiva-
lent interaction of peptides with its target molecule, thus enhanc-
ing the affinity of the peptide to a considerable extent.

The principal objective of the present study was to discover
novel PS-recognizing peptidic ligands that can be utilized for a
variety of applications, including the molecular imaging of apopto-
sis or targeting moieties in PS-exposed cells. We screened a
phage display peptide library via the conventional method of
repeated biopanning of the phage library to PS-coated plates prior
to examining the enrichment of the consensus peptide sequences.
The ability of the identified phage clone and its corresponding pep-
tide to recognize and bind to the PS molecules on the apoptotic
cell surface were demonstrated herein. The targeting of fluores-
cein-labelled peptides to apoptotic tumour cells following sys-
temic administration into tumour-bearing mice, and its possible
use in the in vivo detection of apoptosis by using optical imaging
system were evaluated herein.

Materials and methods

Materials

L-�-phosphatidylserine (PS) and L-�-phosphatidylcholine (PC) were pur-
chased from Avanti Polar Lipids, Inc. USA. The his-tagged annexin V pro-
tein was purified from Escherichia coli transformed with cDNA encoding for
annexin V in a pET29b expression vector system (Novagen, Madison, WI).

Cell culture

H460 and H157 human lung cancer cells and U937 leukaemia cells were
maintained in RMPI 1640 medium containing 10% foetal bovine serum
supplemented with antibiotics.

Screening of PS binding phages

The M13 phage library evidencing random cyclic peptides of 7-mer fused
to pIII (New England Biolabs, Ipswich, MA, USA) was used in this study.
PC or PS dissolved in ethanol (3 µg/ml, 100 µl) was added to 96-well
Immulon 1B microtitre plates (Thermo, Milford, MA, USA) and allowed to
air-dry for 6 hrs. Non-specific binding sites in the wells were blocked with
10 mg/ml of bovine serum albumin (BSA) in Tris buffered saline (TBS)
(Tris-HCl 50 mM, pH 7.4, NaCl 150 mM) for 1 hr at room temperature (RT).
The coating of PC or PS into the plates was assessed via an annexin V
binding test as described below in the description of phage ELISA. The 2
� 1011 plaque-forming units (pfu) of the original phage library (10 µl) in
100 µl of TBS containing 10 mg/ml of BSA were added to PC-coated wells
for 1 hr at RT with gentle shaking (subtraction step). Then, the PC-subtracted
phage library was transferred to PS-coated wells and incubated for an
additional 1 hr at RT with gentle shaking. The wells were extensively
washed to remove the unbound and feebly bound phages via at least 10
washings in TBS-T (TBS containing 0.05% Tween-20). The phages bound
to the PS-coated wells were eluted via 10 min. of incubation with 100 µl of
0.2 M glycine-HCl (pH 2.2) containing 1 mg/ml BSA at RT. The elutes were
immediately neutralized with 1M Tris-HCl (pH 9.1) and amplified in 20 ml
of ER2738 bacteria in accordance with the manufacturer’s instructions.
Phages from the culture supernatant were precipitated by polyethylene
 glycol/NaCl and the titres were determined. LB plates containing isopropyl-
beta-D-thiogalactopyronoside (IPTG) and X-gal were used and the blue
colonies were counted after overnight incubation at 37�C. For subsequent
rounds of selection, the same inputs of 2 � 1011 pfu from previous selec-
tion rounds were maintained. To ensure the enrichment of PS-specific
phages, the PC-coated wells were also included in each selection round;
phage titres from the PC- and PS-coated wells were compared. A total of
four selection rounds were conducted prior to the isolation of single-
stranded DNA from individual phage clones. DNA from at least 30 individ-
ual phage clones were sequenced using an automated DNA sequencer
(Genotech, Rep. of Korea) with the primer -96 pIII provided by the manufac-
turer (New England Biolabs). The deduced amino acid sequences were
aligned using the CLUSTALW program to determine the consensus peptide
sequence. An advanced BLAST search (EMBL/ GenBank/DDBJ) was con-
ducted to detect proteins with significant homology to the peptide
sequences.

Characterization of selected phage clones

The binding specificity of the selected phage clones to PS was evaluated
via phage-binding tests. In brief, PC- or PS-coated ELISA plates were pre-
pared as described above. After 1 hr of blocking with 10 mg/ml of BSA in
TBS at RT, the selected phage clone and amplified M13 phage library (con-
trol) (1 � 109 pfu) in 100 µl TBS was added to PC- or PS-coated wells,
then incubated for 1 hr at RT with gentle shaking. The plate wells were
extensively washed in TBS-T (10 times) prior to the elution of the bound
phage with 100 µl of 0.2 M glycine-HCl (pH 2.2) containing 1 mg/ml BSA
for 10 min. at RT, then immediately neutralized with 1M Tris-HCl (pH 9.1).
The phage titres were determined in each of the elutes.

Phage ELISA

Additionally, the binding specificity of the selected phage clone to PS was
assessed via phage ELISA. In brief, Immulon 1B microtitre plates were
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coated with PC or PS as mentioned above, then blocked with TBS
 containing 10 mg/ml of BSA for 1 hr at RT. The selected phage clone 
(1 � 109 pfu) in 100 µl of TBS-T was added to PC- or PS-coated wells
and incubated for 1 hr at RT with gentle shaking. The amplified phage
library was also included as a control. After extensive washing with TBS-
T six times, the bound phages were detected via 1 hr of incubation with
HRP-conjugated anti-M13 antibody (New England Biolabs) (dilution,
1:4000 in TBS-T) at RT, followed by colour development with
Horseradish peroxidase (HRP) substrate solution (TMB, Pierce). Colour
development was halted via the addition of 2N H2SO4 and then measured
at 450 nm using a microplate reader (Bio-Rad, model 550).

Phage ELISA was also conducted in microplates coated with PS lipo-
somes. For the preparation of PC or PC/PS liposome (50:50 Mol.%),
phospholipids in chloroform were dried under a high-speed vacuum,
hydrated in TBS, then sonicated for 5–10 min. on ice. The Immulon 1B
microtitre plates were coated with 100 µl of liposome (20 µg/ml) at 4�C
overnight. After blocking the plate with TBS containing 10 mg/ml BSA for
1 hr at RT, all the procedures were conducted exactly as mentioned above.
The specificity of the selected phage clone was assessed via an inhibition
study of phage binding to PS-coated plates in the presence of annexin V.
The phages were incubated in the presence of annexin V protein (10 nM),
and phages bound to the plates were detected as described above.

Phospholipids coating the wells were assessed via annexin V binding
tests by ELISA. For annexin V binding, his-tagged recombinant annexin
V protein (20 µg/ml) in TBS containing 10 mg/ml of BSA was added to
ELISA plates coated with PC or PS, then incubated for 1 hr at RT. After
three washings with TBS-T, the bound annexin V protein was determined
via additional incubation with HRP-conjugated mouse anti-His IgG anti-
body (Santa Cruz Biotechnology) and 3,3�,5,5�-tetramethylbenzidine
(TBM) substrate, as described above.

Phage clone binding to apoptotic cells

The binding of the selected phage clone to various apoptotic cells was
assessed by a phage plaque assay. Apoptosis was induced in H460, H157
and U937 cells via treatment with etoposide (50 µm) (Sigma). U937 cells
were treated for 4 hrs, whereas H460 and H157 cells were treated for 18 hrs.
In order to ensure the exposure of PS molecules on the apoptotic cell 
surfaces, fluorescence activated cell sorting (FACS) analyses were con-
ducted after annexin V (BD Biosciences) staining, in accordance with the
manufacturer’s instructions. For the phage-binding assay, apoptotic cells
were washed with Phosphate buffered saline (PBS) and pre-incubated for
30 min. in Dubelco’s modified Eagle’s medium (DMEM) medium contain-
ing 10 mg/ml BSA at RT. The cells were then incubated with 1 � 109 pfu
of either an amplified phage library or the selected phage clone at 4�C for
1 hr with gentle shaking. The unbound phages were extensively washed
away with DMEM medium containing 10 mg/ml of BSA and 0.05% Tween-
20. The bound phages were eluted via 10 min. of incubation with 1 ml of
0.2 M glycine-HCl (pH 2.2) containing 1 mg/ml BSA at RT. The elutes were
immediately neutralized with 1M Tris-HCl (pH 9.1). Phage titres in the
elutes were determined after serial dilution and plague forming assay.

The PS specificity of bound phages to apoptotic cells was evaluated by
competition with annexin V. For this, the apoptotic cells were pre-incubat-
ed for 30 min. with annexin V at final concentration of 10 µm prior to incu-
bation with phages. The binding of the phages to the apoptotic cells was
also performed in the presence of synthesized peptide (50 µm) displayed
on the phage clone. The bound phages were eluted as described above,
and the phage titres were determined.

Peptide synthesis

Peptides were synthesized via the standard Fmoc method, conjugated with
fluorescein at the N-terminus, and purified via HPLC (Peptron Co.).

FACS analysis

The binding of peptides to apoptotic cells were evaluated via FACS analy-
sis. The induction of apoptosis and PS exposure on the apoptotic cell sur-
faces were assessed via FACS analysis after annexin V staining, as
described above. Peptide or control peptide at a final concentration of 
2.5 µm in Hepes buffer (pH 7.4, Hepes 10 mM; NaCl2 138 mM and
with/without 2 mM CaCl2) was incubated with normal or apoptotic cells 
(1 � 105 cells/ml) at a final volume of 0.5 ml for 15 min. at RT. The cells
were washed with binding buffer and FACS analysis was immediately con-
ducted (FACSScan, Becton Dickinson, San Jose, CA, USA).

Microscopy

For fluorescence microscopy, H460 cells cultured on eight-chamber slides
(Nalgen Nunc Int.) were induced to undergo apoptosis, as described
above. The cells were washed in PBS and incubated for 30 min. with 10 µm
fluorescein-labelled peptides in Hepes buffer, and then with annexin V
Alexa fluor 594 (Molecular Probes) for 15 min. at RT. The cells were
washed extensively prior to 5 min. of fixation with 4% paraformaldehyde
(PFA). The cells were counterstained with the nuclear stain, 4�,6-diamidi-
no-2-phenylindole (DAPI), prior to mounting (Molecular Probes, Oregon)
and the pictures were taken with a fluorescence microscope (Zeiss,
Oberkochen, Germany).

For confocal microscopy, cells were stained with peptide and annexinV
Alexa fluor 568 (Molecular Probes) as described above and confocal
images were taken using laser confocal microscopy (LEICA DM IRB).

In vivo homing of CLSYYPSYC peptide into H460
cells via tumour xenograft and optical imaging

All animal experiments were conducted in accordance with the guidelines
established by the Kyungpook National University. To prepare the tumour
xenografts, 6-week-old BALB/c male nude mice (Japan, SLC, Inc.) were
injected subcutaneously in the right shoulder with 1 � 107 H460 cells sus-
pended in RPMI medium containing 10% FBS. The tumours were then
grown to a size of 0.5–1 cm within a 3 week period.

Tumour-bearing mice either treated or untreated with a single dose of
campthothecin (Sigma) (10 mg/kg) 24 hrs prior to peptide injection
received intravenous injections of fluorescein-labelled CLSYYPSYC or con-
trol peptides (50 µm each) through the tail vein under isoflurane anaesthe-
sia. Peptide homing to tumours was detected using an optical imaging sys-
tem (ART Advanced Research Technologies Inc., Montreal, Canada) using
a 470 nM/Green fluorescence protein (GFP) filter at different time intervals
after peptide injection. For each mouse used, baseline fluorescence was
assessed prior to peptide injection. The images obtained were processed
using eXplore Optix optiView Software and normalized. Ex vivo imaging of
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tumour tissues was conducted after removing the tumours from mice 2 hrs
after peptide injection, and the images were processed as described above.

For histological examination, the mice were deeply anaesthetized and
opened. After perfusion with PBS and fixation with 4% PFA via heart punc-
ture, the tumour tissues and organs were removed. Cryosections were pre-
pared and fluorescence microscopy and immunohistochemical studies
were performed. The tumour vessels were stained with antibody to mouse
CD31 (BD Pharmigen). Apoptosis in the tumour tissues were assessed by
in vitro terminal deoxynucleotidyl transferase-mediated dUTP nick-end
labelling (TUNEL) staining in accordance with the manufacturer’s instruc-
tions (Chemicon Int., Temecula, CA, USA).

Results

Screening of M13 phage library and 
validation of selected phage clones

The M13 phage library evidencing CX7C random peptides was
screened to enrich phages that bind selectively to PS over PC. The
simple schematic diagram of selection strategy is shown in Fig. 1A.
Phospholipids coating the ELISA plates were assessed via the
annexin V binding test prior to the initiation of biopanning rounds
(Fig. 1B). To exclude the phages that bind to PC, subtraction steps
were included in each round of selection. The phage enrichment to
PS was observed in the second round (approximately 114-fold)
and did not increase further in subsequent rounds (Fig. 1C). The
four total rounds of biopanning were conducted prior to the isola-
tion of the individual phage clones for DNA sequencing.

Thirty individual phage clones were picked from the third and
fourth rounds of screening, and DNA sequencing was conducted
(Genotech, Korea). The obtained DNA sequences were translated into
the corresponding amino acids. The 14 phage clones among 30 evi-
denced the same peptide sequence (Fig. 1C), and peptide alignment
using the Clustal W program revealed one predominant motif, YYPSY.
The database search was conducted in order to determine the human
proteins possessing significant homology with the peptide sequences.
Some of the proteins possessing amino acid sequences homologous
to the peptide sequences are shown in Table 1. The phage-displayed
peptides may mimic one or more of the proteins that bind to PS.

The phage clone displaying the consensus peptide sequence,
CLSYYPSY, was selected and validated for selective binding to PS
over PC. The binding of the selected phage was assessed via phage
plague assay (Fig. 2A) and phage-ELISA assay (Fig. 2B). For the
control phage, the M13 phage library was amplified one time and
used as a control phage. Empty ELISA plate-wells were also includ-
ed in order to ensure that phage selection occurred for PS, and not
for the ELISA plate surface (data not shown). We determined that
the selected phage clone was bound with equal activity to the PS
liposome over the PC liposome coated onto 96-well ELISA (Fig. 2C)
plates, thereby indicating the possibility of phage binding to the PS
molecule exposed on the apoptotic cell surfaces. Additionally, the
binding of the selected phage clone, CLSYYPSYC, to the PS-coat-
ed plate was inhibited by annexin V (Fig. 2D).

Binding of phage to apoptotic cells

Apoptosis was induced in a variety of cell types, including H460,
H157 and U937 by etoposide treatment. The selective binding of
the phage clone to apoptotic cells over normal cells was
assessed via phage plague assay (Fig. 3A, B and C). PS exposure
in the apoptotic cells was confirmed via FACS analysis using
annexin V staining. Some of the cancer cell lines, B16F10 and
MCF-7, which evidenced minimal PS exposure after etoposide
treatment, also exhibited less significant binding of the phage to
the treated cells versus the untreated cells (data not shown). The
specificity of interaction to PS molecules on the surfaces of
apoptotic cells was verified via the inhibition of phage binding by
annexin V (Fig. 3D) in H460 cells. However, we were unable to
demonstrate the PS specificity of phage binding to apoptotic
cells using the PS liposome in the inhibition study. The M13
phage library itself evidenced increased binding to apoptotic
cells in the presence of the PS liposome (data not shown).
Furthermore, the specificity of phage binding was also verified
via the inhibition of phage binding to apoptotic H460 cells in the
presence of synthesized peptides, but not by the irrelevant pep-
tide (Fig. 3D). Additionally, the binding of the phage clone to PS
was unaffected by 4 mM ethylenediaminetetraacetic acid (EDTA),
thereby indicating calcium independency in binding to PS mole-
cules (data not shown).

Peptide binding to apoptotic cells

The ability of the synthesized peptide to distinguish between apop-
totic and non-apoptotic cells was assessed via both FACS analysis
and fluorescence microscopy. Fluorescence-labelled CLSYYPSYC
peptide binding was observed in nearly 40% of the H460 cells
treated with etoposide, but not to the untreated cells on the FACS
analysis (Fig. 4A). Annexin V staining indicated that more than
80% of treated cells are apoptotic. The FACS data in Fig. 3A could
represent this result. This result suggests that annexin V with four
well-defined PS-binding sites may bind strongly to apoptotic cells
than the peptide. Similar results were obtained when the etopo-
side-treated A549 and H157 cells were utilized (data not shown).
The unrelated peptide used in the experiment (control peptide)
evidenced no binding to the treated cells.

Fluorescence microscopy indicated that the binding of the pep-
tide to the etoposide-treated cells was significantly higher than to
the untreated cells (Fig. 4B). The cellular distribution of peptide to
apoptotic cells revealed that discrete regions of the apoptotic cell
membrane were stained by peptide. Many cells exhibited colocal-
ization of signals when costained with peptide and annexin V-
Alexa 594 (Fig. 4B). The confocal microscopy performed on apop-
totic H460 cells after staining with fluorescein-labelled
CLSYYPSYC and annexinV Alexa fluor 568 further confirmed the
colocalization of annexin V and peptide (Fig. 4C). The bind-
ing/recognition of PS molecules by peptide occurred regardless of
the presence or absence of calcium ions (data not shown).
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Peptide homing to H460 cell tumour 
xenografts and optical imaging

We assessed the ability of the CLSYYPSYC peptide to detect cell
apoptosis in vivo, and its possible application in the molecular
imaging of apoptosis using an H460 cell tumour xenograft model
in nude mice. After a single dose of camptothecin treatment, the
mice were injected systematically with fluorescein-labelled pep-
tide through the tail vein. Peptide homing to tumour was evaluat-
ed via an optical imaging system at different time intervals after

peptide injection. The representative images from each group
(n � 3) is shown in Fig. 5A. The treatment of tumour-bearing
mice with a single dose of anticancer drug induced significantly
enhanced peptide homing, as the induction of tumour cell apop-
tosis is the common mode of the antitumour activity of camp-
tothecin. Some signals were observed in the untreated group and
the basal apoptosis of the tumour may have contributed this.
Although the Fluorescein isothjocynate (FITC) signal is absorbed
to a significant degree by surrounding tissues, the signal gener-
ated by homing peptides in tumour tissues was detectable within

© 2008 The Authors
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Fig. 1 Screening of M13 phage display
peptide library. (A) Schematic diagram
of biopanning strategy. The M13 phage
library (2 � 1011 pfu) was incubated
with phosphatidylcholine (PC)-coated
well before transferring to phos-
phatidylserine (PS)-coated well. After
incubating for 1 hr at room temperature
(RT), unbound phages were removed by
extensive washing. The bound phages
were eluted and amplified. The total four
rounds of biopanning were carried out.
The phage titre of 2 � 1011 pfu was
maintained in each round of biopanning.
(B) Coating of phospholipids to ELISA
plate were assessed by ELISA test. (C)
Both PC and PS were included in each
round of biopanning to ensure that
enrichment during biopanning is occur-
ring for PS versus PC. In each round, the
phages binding to PC and PS were elut-
ed and titre was determined. The peptide
sequences displayed on phage clones
were determined.
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1–2 hrs of peptide injection, and even at 18 hrs post-injection. In
addition, peptide homing to tumour tissues was assessed by ex
vivo imaging (Fig. 5B). The systemic administration of control
peptide to tumour-bearing mice treated with camtothecin did not
evidence a fluorescence signal of peptide homing to tumour in
either in vivo or ex vivo imaging.

For histological examination, the cryosections were prepared from
the tumour tissues. Fluorescein microscopic observation indicated
the homing of the peptide to tumour vasculature and tumour cells.
The fluorescein signal of CLSYYPSYC peptide homing was more
prominent in the tissue sections prepared from mice treated with anti-
cancer drugs (Fig. 6A). Presence of apoptotic/necrotic areas inside

© 2008 The Authors
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Table 1 Example of human proteins containing identical amino acid sequences to peptide

Peptide was analysed using the NCBI BLAST search against the SWISSPROT database, using the option for short nearly exact matches to identify human
proteins with homologous amino acid sequences. Amino acid with bold letter indicates difference in amino acid sequence between peptide and protein.
The numbers indicate the positions of amino acids in the proteins.

Peptide sequence
Homologous
amino acids

Name of proteins 
Accession
number

CLSYYPSYC 297LSYYRSY303 Vacuolar protein sorting-
associated protein

Q8N1B4

63LSYSPSY69 E-selectin precursor P16581

293LSYYP297 Tenascin-N precursor Q9UQP3

715YYPSY719 Protein transport protein Sec24A Q95486

291YYPSY295 Transmembrane protein 66 precursor Q5R491

149YYPSY153 Transcription factor E2-� P15923

Fig. 2 Selection of phage clones. Phage clone showing predominant consensus sequence, CLSYYPSYC was selected for further study. (A) Phage
CLSYYPSYC and amplified phage library (1 � 109 pfu) were incubated in ELISA plate coated with PC or PS for 1 hr at RT. The bound phages were elut-
ed and phage titre determined. (B) Higher binding of selected phage clone to PS in ELISA. (C) Higher binding of selected phage clone to PS liposome
in ELISA. (D) Binding of selected phage clone to PS was inhibited in the presence of annexin V. Data is representative of three independent experiments.
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the tumour tissue caused extensive binding of peptide giving the
appearance of regularly distributed bright spots. No fluorescein sig-
nals were observed in tumour tissues from mice injected with control
peptides. In addition, the binding of CLSYYPSYC peptide to control
organs such as liver and lung was minimal, while being observed in
the glomeruli of kidney that represents the excretion route for the pep-
tide (Fig. 6A). The tumour vasculature was stained intensely by the
peptide, as demonstrated by the fact that fluorescein signals in
tumour vasculature were highly colocalized with the Alexa 594 used
for murine CD31 staining (Fig. 6A). Histological examinations with

consecutive tissue slides showed that the fluorescein signals of pep-
tides correlate with haematoxylin-eosin (data not shown) and TUNEL
staining showing an increased area of in vivo apoptosis (Fig. 6B).

Discussion

In the present study, we have described the identification of a novel
PS-interacting peptide via a phage display technique, and recognized
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Fig. 3 Binding of CLSYYPSYC phage to apoptotic cells. Apoptosis of cells was induced as described in material and methods. The PS exposure on
cell membrane of apoptotic cells is examined by fluorescence activated cell sorting (FACS) analysis (right column). The amplified phage library or
phage clone CLSYYPSYC (1 � 109 pfu) was incubated with apoptotic cells or normal cells at 4�C for 1 hr. After extensive washing, bound phages
were eluted and phage titre determined (A, H460 cells; B, H157 cells; C, U937 cells). (D) Specificity of phage CLSYYPSYC binding to apoptotic H460
cells was examined by inhibition study by annexin V (10 µm) and CLSYYPSYC peptide or control peptide (50 µm). Cells were pre-incubated with
annexin V or peptides before incubating with phage clone, and bound phage was determined by plague assay as described in ‘Materials and meth-
ods’. The results are expressed as mean�S.D. and are representative of 2–3 independent experiments.
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Fig. 4 Binding of FITC-labelled CLSYYPSYC peptide to apoptotic H460 cells. (A) Apoptotic H460 cells were detached from the culture plate after trypsin
treatment and incubated with FITC-labelled CLSYYPSYC peptide or control peptide (2.5 µm) in Hepes buffer for 15 min. at RT and analysed by FACS
analysis. (B) For immunofluorescence microscopy, apoptotic cells in chamber slide were incubated for 30 min. in Hepes buffer containing peptide or
control peptide (10 µm each) and annexin V. Cells were washed and fixed with 4% paraformaldehyde (PFA) before staining with DAPI (images were
taken at magnification of 400�). (C) For confocal microscopy, apoptotic H460 cells was stained with peptide and Alexa 568-labelled annexin V as
described above and confocal images were taken using laser confocal microscopy (LEICA DM IRB) (magnification, �400).
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the discovered peptide as a PS-recognizing moiety which could be
utilized for the in vivo molecular imaging of apoptosis. Repeated
biopanning of the phage library to PS and the subtraction of PC-
recognizing phages in each round of selection allowed us to isolate
the phage clone displaying the consensus peptide sequence,
CLSYYPSYC. PS molecules are translocated from the inner to the
outer membranes of apoptotic cells. The NH3

� head groups in the
PS molecules are located below the CO2

	 and PO4
	 in the cell

membrane surface and the anionic nature of the PS molecules is
largely attributed to its CO2

	 and PO4
	 groups [21]. The experi-

mental strategy we undertook in this study could result in the iso-
lation of phage clones that may or may not recognize PS molecules
existing in the apoptotic cell membranes as phage screening was
conducted on PS-coated plates. In an effort to exclude this possi-
bility, we first assessed the binding of the selected phage clone to
the PS versus the PC liposome, and then to a number of apoptotic
cells versus normal cells. The PS specificity of binding was con-
firmed via competition with annexin V.

The molecular basis of interaction between the identified pep-
tide, CLSYYPSYC and the PS molecule has yet to be clearly eluci-
dated. In the previous study, the isolation of PS-interacting

 peptides rich in basic amino acid residues was characterized using
a phage display technique [22]. It is interesting to note that basic
amino acid residues are not present in the CLSYYPSYC peptide,
which could impart an overall positive charge to the peptide. Thus,
electrostatic interaction may play a minimal role in the interaction
between the CLSYYPSYC peptide and anionic PS molecules.
Furthermore, we synthesized linear and cyclic forms of
CLSYYPSYC peptide. The cyclic form showed more specific bind-
ing to apoptotic cells versus non-apoptotic cells. Thus, cyclic form
of peptide was used throughout this study. In the previous study,
it was shown that the affinity of the displayed peptide in the phage
might be significantly higher than that of the synthesized peptide,
largely due to the favourable presentation of the peptide in the
macromolecular structures of the phage particles [17]. We believe
that the construction of suitable nanoparticles harbouring multiple
numbers of CLSYYPSYC peptides could increase the affinity of the
peptide to a considerable degree.

The NCBI database search revealed a number of proteins that
evidenced homology to CLSYYPSYC, and further study into
whether this peptide sequence could represent the true PS-inter-
acting motif or part of the motif in proteins such as sec24A, 

© 2008 The Authors
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Fig. 5 In vivo homing of peptide to tumour. (A) Fluorescein-labelled CLSYYPSYC peptide or control peptide was systematically injected through tail
vein of tumour-bearing nude mice treated or untreated with camptothecin 24 hrs before the peptide injection. The homing of peptides was examined
by using the optical imaging system as described in ‘Materials and methods’. The red arrows indicate the tumours. (B) For ex vivo imaging, tumours
from mice were removed 2 hrs after post injection of the peptides and image were taken similar as in vivo imaging.
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-E2-binding factor, transmembrane protein 66 precursors,
tenascin-N-precursor and transcription factor E2-� will be an
interesting area for further studies. It is possible that these pro-
teins may represent novel PS-interacting proteins in biological
systems.

We also assessed the performance of the CLSYYPSYC pep-
tide in binding to apoptotic cells in vivo using a H460 cell tumour
xenograft model. The early assessment of the efficacy of anti-
cancer agents is highly desirable and represents an unmet need
in clinical oncology studies [23]. Molecular apoptosis imaging is
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Fig. 6 Histological examination. (A) Cryosections were prepared from the tumour tissues and peptide signals were observed using fluorescence
microscopy. For endothelial cells staining, mice anti-CD31 antibody was used followed by Alexa 568-labelled secondary antibody. (B) Tumour cell
apoptosis was observed by TUNEL staining as described in ‘Materials and methods’.
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highly useful in addressing this need as the induction of tumour
cell-apoptosis is the primary mechanism of action of the major-
ity of anticancer drugs [24]. We first demonstrated the homing
of the fluorescein-labelled CLSYYPSYC peptide to tumours using
an optical imaging system. The tumour vasculature and apoptot-
ic tumour cells were the most intensely stained cells in the his-
tological examination. The previous study showed that PS expo-
sure is induced by anticancer drug treatment in the tumour vas-
culature and tumour cells [4, 5]. Although FITC signals are high-
ly absorbed by tissues, and are only rarely utilized for in vivo
imaging, we were able to observe a distinct peptide homing sig-
nal, using FITC-labelled CLSYYPSYC peptide to the tumour,
which was enhanced further by anticancer drug treatment to
mice. We believe that the labelling of the CLSYYPSYC peptide
with suitable imaging probes including radioisotopes and MR
imaging contrasts may further improve the sensitivity of the pep-
tide to a considerable degree, and may be useful for clinical pur-
poses. Additionally, in situ amplification mechanism may further
enhance the binding and homing of CLSYYPSYC peptide to
tumour as tumour apoptosis and PS exposure progress during
tumour therapy. Furthermore, small peptides that can target the
tumour vasculature may be an important tool for development
into therapeutic agents for tumour therapy, largely due to its
non-immunogenic and highly penetrative nature in tumour tis-
sues [25]. Tumour vasculature is a suitable target for cancer
therapy due to its non-malignant nature and thus, low probabili-
ty to evidence drug-resistance [26]. Thus, the tumour vascula-
ture is more accessible to anticancer drugs and evidences a
more intrinsic amplification mechanism [26]. Thus, the examina-
tion of CLSYYPSYC peptide as carrier molecule for anticancer

drugs to tumour vessels may prove an interesting area for future
studies.

Recently, two studies described the identification of PS-recog-
nizing peptides using phage display technique [27, 28]. However,
PS-binding affinity, in vivo bio-distribution, stability etc. has yet to
be described for these peptides. Importantly, each candidate pep-
tide should be validated after their synthesis as peptides present
in phages and their synthesized forms are distinctly different.

PS serve as an ‘eat-me signal’ for the removal of apoptotic
cells by phagocytes in vivo and pre-incubation of apoptotic cells
with annexin V inhibits their recognition and removal by phago-
cytes. Immunogenecity of apoptotic cells can be increased if their
PS is masked by annexin V before injecting into the mice [29]. In
this context, study of CLSYYPSYC peptide as adjuvant in apoptot-
ic cells will be interesting as it could be useful in increasing the
efficacy of apoptotic cell-based vaccines.

In conclusion, we identified a novel PS-interacting peptide
using a phage display technique, and this peptide may be devel-
oped into a molecular imaging probe for monitoring and measur-
ing apoptosis in vivo and as a carrier molecule for the targeting of
the tumour vasculature.
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