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a b s t r a c t

The complexation of Cu(II) with previously synthesized thrombolytic peptides, Pro-Ala-Lys (6), Arg-Pro-
Ala-Lys (7), Ala-Arg-Pro-Ala-Lys (8), Gly-Arg-Pro-Ala-Lys (9) and Gln-Arg-Pro-Ala-Lys (10), resulted in
the formation of complexes, Cu(II)-(Pro-Ala-Lys) (6-Cu), Cu(II)-(Arg-Pro-Ala-Lys) (7-Cu), Cu(II)-(Ala-Arg-
Pro-Ala-Lys) (8-Cu), Cu(II)-(Gly-Arg-Pro-Ala-Lys) (9-Cu) and Cu(II)-(Gln-Arg-Pro-Ala-Lys) (10-Cu), which
was confirmed by UV-Vis, circular dichroism and ESI-MS analyses. Complexes (6–10)-Cu in normal saline
(NS) were found to be able to assemble into aggregates, and the size of the aggregates were measured
for the next eight consecutive days. It was found that on the 8th day, the diameters of (6–10)-Cu aggre-
gates ranged from 179.21 ± 38.33 nm to 293.46 ± 51.07 nm. The Zeta potentials of (6–10)-Cu aggregates
in NS were also examined and it was found that aggregates of (6, 8, 10)-Cu were negatively charged,
and 7-Cu and 9-Cu were positively charged. The powders of (6–10)-Cu were analyzed by transmission

electron microscopy and were found to have mean particle sizes of 8–15 nm. The in vitro euglobulin lysis,
vasodilation and thrombolytic assays indicated that complexation with Cu(II) resulted in a significant
increase in the activities of 6–10. The in vivo thrombolytic assays revealed that complexation with Cu(II)
resulted in a significant enhancement in the in vivo thrombolytic activities for 6, 7, 8 and 10 at 10 �mol/kg,
and 9 at 1 �mol/kg and 0.1 �mol/kg, respectively. These findings suggested that the self-assembly of the
Cu(II)–peptide complexes into nano-scale aggregates was beneficial in improving the thrombolytic activity

a
i

of the peptides.

. Introduction
A pentapeptide, Ala-Arg-Pro-Ala-Lys (ARPAK, 8) known as P6A,
as isolated from products degraded by plasmin from fibrin B
-chain and it was shown to possess a microvascular permeability-

ncreasing effect in rat and human skin (Belew et al., 1978; Gerdin

Abbreviations: ARPAK, Ala-Arg-Pro-Ala-Lys; CD, circular dichroism; SK, streptok-
nase; TEM, transmission electron microscopy; t-PA, tissue plasminogen activator;
K, urokinase; NS, normal saline; NE, noradrenaline.
∗ Corresponding author. Tel.: +86 10 8391 1535; fax: +86 10 8391 1535.

∗∗ Corresponding author at: School of Pharmacy, Memorial University of New-
oundland, St. John’s, NL, Canada A1B 3V6. Tel.: +1 709 777 6382;
ax: +1 709 777 7044.
∗ ∗Corresponding author at: College of Pharmaceutical Sciences, Capital Medical
niversity, Beijing 100069, PR China. Tel.: +86 10 8391 1528; fax: +86 10 8391 1528.
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qpeng@bjmu.edu.cn (S. Peng).
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nd Saldeen, 1978). Later it was also found that P6A induced signif-
cant local vasodilation of bovine mesenteric arteries and affected
oronary blood dynamics in canine coronary thrombosis (Anderson
t al., 1983; Mehta et al., 1989; Saldeen et al., 1991a,b). To examine
ts clinical potentials, the effect of P6A on coronary thrombosis in
anine model was compared to that of tissue plasminogen activator
t-PA) (Mehta et al., 1989; Nichols et al., 1991). It was revealed that
n dogs with electronically induced thrombus, the effects of P6A
n the thrombolysis and the reestablishment of the coronary blood
ow were similar to that of t-PA, while the reestablished blood flow
ith P6A was shorter than that with t-PA (Mehta et al., 1989). It is
ell known that thromboses cause a variety of heart conditions

uch as heart attack, stroke and other peripheral vascular diseases.

owever, the currently used thrombolytic agents, such as t-PA,
rokinase (UK) and streptokinase (SK), are all large proteins. The
evere side effects such as hemorrhagenic tendency and immuno-
enic reactions seen with large proteins substantially limited their
herapeutic benefits (Banerjee et al., 2004; Hellebrekers et al., 2000;

http://www.sciencedirect.com/science/journal/03785173
mailto:maozhao@126.com
mailto:hliu@mun.ca
mailto:sqpeng@bjmu.edu.cn
dx.doi.org/10.1016/j.ijpharm.2008.06.014
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han and Gowda, 2003; Rouf et al., 1996; Wardlaw et al., 1997).
hus, thrombolytic oligopeptides have attracted a lot of interests.

P6A (8), a small thrombolytic peptide, attracted our inter-
sts and we have developed many analogs of P6A, among which
ln-Arg-Pro-Ala-Lys (9) and Gly-Arg-Pro-Ala-Lys (10) were found

o be more potent than P6A (8) (Zhao et al., 2004). In vivo
etabolism studies showed that Pro-Ala-Lys (6) and Arg-Pro-

la-Lys (7) were active metabolites of P6A (8) (Zhao et al.,
003).

It is well recognized that rigid conformations of oligopeptides
ay be obtained via constructing metal–oligopeptide com-

lexes, especially transition metal–oligopeptide complexes. Among
he transition metal–oligopeptide complexes, Cu(II)–oligopeptide
omplexes are known to be excellent scaffold to decrease the
onformational flexibility (Facchin et al., 2000, 2002; Inomata et
l., 2005; Nascimento et al., 2001), to simulate enzyme systems
Holm et al., 1996; Mylonas et al., 2005; Shtyrlin et al., 2005;
odorova-Balvaya et al., 2005; Weder et al., 2002), to alter con-
ormation (Łodyga-Chruscinska et al., 2004), to reveal magnetic
nteractions (Sanchiz et al., 2006) and to exhibit therapeutic poten-
ials (Kong et al., 2007). Complexation of oligopeptides with metal
ons would not only help define their secondary and tertiary
tructures but also enhance their interactions with enzymes due
o the tremendous potential of complexes for self-assembly. The
elf-assembled oligopeptides will not only be able to access an
rray of three-dimensional structures rapidly (Gao and Matsui,
005; Rajagopal and Schneider, 2004; Reches and Gazit, 2006;
cheibel, 2005; Zanuy et al., 2006; Zhao and Zhang, 2004), but
lso to exhibit an obvious tendency to form a nanosystem, which
n turn gives the oligopeptides unique properties (Carny et al.,
006; Montet et al., 2006; Patolsky et al., 2004; Sarikaya et al.,
003).

In the present paper, the Cu(II) complexes of previously synthe-
ized P6A analogs, 6, 7, 8, 9 and 10, were prepared. ESI-MS, UV–vis
nd circular dichroism (CD) were used to reveal the formation of
he complexes, (6–10)-Cu. It is not uncommon for Cu(II) complexes
o form self-assembled aggregates (Braunecker and Matyjaszewski,
007; Ghosh and Verma, 2007; Ma et al., 2006; Tiliakos et al., 2003).
he (6–10)-Cu complexes formed were examined for the sizes of
he self-assembled aggregates in normal saline (NS). Transmission
lectron microscopy (TEM) was used to analyze the sizes of (6–10)-
u in their solid state. Bioassays, including in vitro euglobulin clot

ysis assay, in vitro vasodilation assay, in vitro thrombolytic assay
nd in vivo thrombolytic assay, were performed to reveal the effects
esulted from Cu(II) complexation on peptides 6–10.

. Experimental

.1. Chemical synthesis

.1.1. General
The protected amino acids of l-configuration used were pur-

hased from Sigma Chemical Co. All the coupling and removing
f protective groups were carried out under anhydrous condi-
ions. Reactions were monitored using TLC. The purity of the
ntermediates was also checked using TLC (Merck silica gel
lates of type 60 F254, 0.25 mm layer thickness), and the purity
f the final products determined by HPLC (Waters, C18 col-
mn 4.6 mm × 150 mm) was higher than 95%. IR spectroscopy
as determined using 330 FT-IR spectrometer (Nicolet Avatar
hermo Electron Corporation). ESI-MS spectroscopy was deter-
ined using Waters HPLC/MS (Quattro microTM API). Optical

otation was determined on a polarimeter (P-1020, Jasco, Japan).
he elemental analysis was recorded on Elementar Vario EL III (Ger-
any).

o
o
s
J
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.1.2. Synthesis of peptides 6–10
Peptides 6–10 were synthesized according to Scheme 1 as pre-

iously reported (Zhao et al., 2003, 2004).

.1.2.1. Preparation of Cu(II)-(Pro-Ala-Lys) (6-Cu). To the solution
f 72 mg (0.23 mmol) of peptide 6 in 2 mL of distilled water, the
olution of 50 mg (0.29 mmol) of CuCl2·2H2O in 0.2 mL water was
dded. The solution was treated using 1 mol/L Na2CO3 with stir-
ing at room temperature for 6 h. After filtration, the filtrate was
ubjected to evaporation under reduced pressure and the residue
as purified by size-exclusion chromatography (Sephadex G10) to
rovide 21 mg (20% yield) of the title compound as a blue powder.
SI-MS (m/z) 376 [M−H]+. [�]20

D = −66.60 (c = 0.01, CH3OH). IR(KBr)
252, 3097, 2950, 2860, 1611, 1567, 1382, 1299 cm−1. Anal. Calcd.
or C14H25N4O4Cu·2H2O: C 40.72, H 7.08, N 13.57. Found: C 40.53,

7.22, N 13.39.

.1.2.2. Preparation of Cu(II)-(Arg-Pro-Ala-Lys) (7-Cu). Using the
rocedure above and from 108 mg (0.23 mmol) of peptide 7, 21 mg
15% yield) of the title compound was obtained as a blue pow-
er. ESI-MS (m/z) 532 [M−H]+. [�]20

D = 51.20 (c = 0.01, CH3OH).
R(KBr) 3396, 2921, 1655, 1432, 889, 683 cm−1. Anal. Calcd. for
20H37N8O5Cu·2H2O: C 42.21, H 7.26, N 19.69. Found: C 42.41, H
.38, N 19.50.

.1.2.3. Preparation of Cu(II)-(Ala-Arg-Pro-Ala-Lys) (8-Cu). Using
he procedure above and from 125 mg (0.23 mmol) of peptide 8,
9 mg (19% yield) of the title compound was obtained as a blue
owder. ESI-MS (m/z) 603 [M−H]+. [�]20

D = 75.30 (c = 0.01, CH3OH).
R(KBr) 3261, 2938, 1654, 1580, 1454, 1399, 560 cm−1. Anal. Calcd.
or C23H42N9O6Cu·2H2O: C 43.15, H 7.24, N 19.69. Found: C 43.33,

7.11, N 19.88.

.1.2.4. Preparation of Cu(II)-(Gly-Arg-Pro-Ala-Lys) (9-Cu). Using
he procedure above and from 108 mg (0.23 mmol) of peptide 9,
2 mg (21% yield) of the title compound was obtained as a blue
owder. ESI-MS (m/z) 589 [M−H]+. [�]20

D = 31.10 (c = 0.01, CH3OH).
R(KBr) 3277, 2941, 2860, 1654, 1581, 1397, 1318, 672 cm−1. Anal.
alcd. for C22H40N9O6Cu·2H2O: C 42.20, H 7.08, N 20.13. Found: C
2.39, H 7.19, N 20.31.

.1.2.5. Preparation of Cu(II)-(Gln-Arg-Pro-Ala-Lys) (10-Cu). Using
he procedure above and from 138 mg (0.23 mmol) of peptide
0, 34 mg (20% yield) of the title compound was obtained as a
lue powder. ESI-MS (m/z) 660 [M−H]+. [�]20

D = 28.80 (c = 0.01,
H3OH). IR(KBr) 3260, 2910, 1645, 1550, 1439, 1382, 1270, 1112,
90, 653 cm−1. Anal. Calcd. for C25H45N10O7Cu·2H2O: C 44.21, H
.97, N 20.62. Found: C 44.40, H 6.53, N 20.80.

.2. Characterization

.2.1. UV–vis and CD spectral analysis
Aqueous solutions (1 mM) of peptides 6–10 and (6–10)-Cu were

repared. The pH of 6–10 was 5.86, 8.72, 6.03, 5.31 and 4.96, respec-
ively, while the pH of (6–10)-Cu was 8.61, 8.41, 7.25, 7.01 and 7.66,
espectively. The UV–vis spectra of the preparations were recorded

n a UV–vis spectrophotometer (UV-2550, Shimadzu, Tokyo, Japan)
ver the range of 200–800 nm at 25 ◦C and the CD spectra of the
ame preparations were recorded on a spectropolarimeter with
ASCO Canvas Program (Model J-810, Jasco, Tokyo, Japan) over the
ange of 200–800 nm at 25 ◦C.
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cheme 1. Preparation of Cu(II) complexes of compounds 6–10. Wherein AA = Ala (f
mide (DCC), 1-hydroxybenzotriazole (HOBt), N-methylmor-pholine (NMM); (ii) Hyd
thyl acetate (4N), Boc-Arg(NO2), DCC, HOBt, NMM; (iv) Hydrogen chloride in ethyl
vi) CuCl2, pH 8–9, Sephadex G10 column.

.2.2. Size and zeta potential of the aggregates of (6–10)-Cu
ssembled in NS

To characterize the aggregates of 6–10 and (6–10)-Cu assem-
led in solution, 1 mg/mL of preparations of 6–10 and (6–10)-Cu
ere prepared in NS, and the size and zeta potential of the aggre-

ates were measured using a particle size analyzer (Malvern Zeta
izer, Nano-ZS90, Worcestershire, UK) and a Zeta Potential Ana-
yzer (ZetaPlus, Brookhaven Instruments Corporation, Holtsville,
Y, USA), respectively. The size measurements were carried out at
5 ◦C every 24 h for 8 days, and zeta potential was measured at 1 h
nd on the 8th day.

.2.3. Morphology and TEM images of (6–10)-Cu powders
Samples for TEM analysis were prepared according to the

ethod used by others (Gibson et al., 2007). In brief, one drop of
he solutions (1 mg/mL) of (6–10) or (6–10)-Cu in tri-distilled water
as added to a copper supported mesh membrane (150 mesh) and

he excess solution was removed with filter paper. The samples
ere dried in open air at room temperature to prepare the cor-

esponding powders. The TEM analysis of the powders of 6–10 or
6–10)-Cu was performed using an electron microscope (JEM-1230,
EOL, Tokyo, Japan) at an accelerating voltage of 80 kV.

.3. Bioassays

.3.1. In vitro euglobulin lysis assay
Blood collected from pig was centrifuged at 3000 × g for 10 min

nd the platelet poor plasma (PPP) was removed. The diluted
lasma (1:20 in distilled water) was precipitated at pH 5.7 with
cetic acid (0.1%). After 10 min the supernatant was centrifuged at
000 × g for 10 min at 4 ◦C and the precipitate was lyophilized to
btain euglobulin. To 7 mL of borax buffer (3.5 �M, pH 9.28), 25 mg
f euglobulin was dissolved, to which 0.7 mL of CaCl2 solution
25 mM) were added and the mixture was immediately extended
nto a 10 cm × 10 cm glass board to form a 1 mm layer. Onto the
ayer, 10 �L of NS, UK (28,000 IU/mL) in NS, peptides 6–10 in NS
10 mM), (6–10)-Cu in NS (10 mM) or CuCl2 in NS (10 mM) were
dded. The diameter of the lysis ring was measured after 4 h.

.3.2. In vitro vasodilation assay
A constant temperature of the buffer solution was kept using a

ater-bath (CS501, Chongqing Yinhe Experimental Apparatus Ltd.,
hongqing, China). A tension transducer (JZ101, Beidian Xinghang

achine and Equipment Ltd. of China) and a two-channel physio-

ogical recorder (LMS-2B, Chengdu Apparatus Manufacturing Ltd.,
hengdu, China) were used to evaluate the vascular relaxation
ctivity. Male Wistar rats weighing 250–300 g (the Animal Center
f Peking University) were used.

(
N
c
h
w

d 8), Gly (for 4 and 9), and Gln (for 5 and 10). (i) Boc-Ala-OH, Dicyclohexylcarbodi-
chloride in ethyl acetate (4N), Boc-Pro, DCC, HOBt, NMM; iii) Hydrogen chloride in

te (4N), Boc-Ala or Boc-Gly or Boc-Gln, DCC, HOBt, NMM; (v) H2, Pd/C, C18 column;

Immediately after decapitation, rat aortic strips were taken and
ut in a perfusion bath with 15 mL of oxygenated (95%O2/5%CO2)
reb’s solution (pH 7.4) at 37 ◦C. The aortic strip was connected to
tension transducer, and the relaxation constriction curve of mus-
les was registered. Administration of 0.59 �M noradrenaline (NE)
as used to induce hypertonic constriction of the vessel strip. As

he constriction reached its maximum, NE was washed out and the
essel strip was stabilized for 30 min. After renewal of the solution,
E (0.59 �M) was added. When the hypertonic constriction value of

he aortic strip reached its peak, peptides 6–10 in NS (final concen-
rations ranged from 500 �M to 0.1 �M) or (6–10)-Cu in NS (final
oncentrations ranged from 50 �M to 0.1 �M) or CuCl2 in NS (final
oncentrations ranged from 1 mM to 1 �M) were administrated to
bserve the vascular relaxation activity of the test compounds.

.3.3. In vitro thrombolytic activity assay
Male Wistar rats weighing 250–300 g (purchased from the

nimal Center of Peking University) were anesthetized with pen-
obarbital sodium (80.0 mg/kg, ip). The right carotid artery of the
nimals was separated. To a glass tube filled with artery blood
about 0.5 mL) obtained from the right carotid artery of the animal,
stainless steel filament helix (15 circles; L, 18 mm; D, 1.8 mm) was
ut in immediately. After 40 min the helixes with thrombus were
arefully taken out and were suspended in tri-distilled water for
h. They were weighted and were dipped into 8 mL of NS or 8 mL
f UK in NS (100 IU/mL) or peptides 6–10, (6–10)-Cu or CuCl2 in NS
100 nM/L). After 2 h, the helixes were taken out and weighted. The
eduction of thrombolytic mass was recorded.

.3.4. In vivo thrombolytic activity assay
Male Wistar rats weighing 200–250 g (purchased from the

nimal Center of Peking University) were anesthetized with pen-
obarbital sodium (80.0 mg/kg, ip). The right carotid artery and left
ein jugular of the animals were separated. To a glass tube filled
ith artery blood (about 0.1 mL) obtained from the right carotid

rtery of the animal, a stainless steel filament helix (15 circles; L,
5 mm; D, 1.0 mm) was put in immediately. After 15 min the helix
ith thrombus was carefully taken out and weighed, and put into
polyethylene tube. The polyethylene tube was filled with heparin

odium (50 IU/mL in NS) and one end was inserted into the left
ugular vein. Heparin sodium was injected via the other end of the
olyethylene tube as the anticoagulant, and this end was inserted

nto the right carotid artery, following which NS (3 mL/kg), CuCl2

10 �mol/kg) in NS, UK (20,000 IU/kg) in NS, 6–10 (10 �mol/kg) in
S or (6–10)-Cu (10 �mol/kg) in NS was injected. The blood was cir-
ulated through the polyethylene tube for 60 min, after which the
elix was taken out to record weight. The reduction of thrombus
eight was calculated.
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ments. It was found that the average size (in diameter) of (6–10)-Cu
in NS was less than 250 nm in the 8 days monitored. This obser-
vation demonstrated that (6–10)-Cu possessed good assembling
properties and the assembled nano-particles were stable for at
least 8 days. The results of zeta potential demonstrated that the
4 M. Yang et al. / International Journ

The thrombolytic activities of 9 and 9-Cu at 10, 1 and
.1 �mol/kg were measured by the same method as described
bove. The respective preparations were injected to rats and the
eduction of thrombus weight was calculated.

.4. Statistic analysis

All results are expressed as mean ± standard deviation (S.D.)
rom at least three experiments (n = 3–10). The Student’s t test and
ne-way analysis of variance (ANOVA) were used for evaluating
tatistical significance. Statistical significance was set at p < 0.05.

. Results and discussion

.1. Synthesis of 6–10 and (6–10)-Cu

According to previously reported methods (Zhao et al., 2003,
004), which is shown in Scheme 1, Boc-Pro-Ala-Lys(Z)-OBzl
1, 94.8% yield), Boc-Arg(NO2)-Pro-Ala-Lys(Z)-OBzl (2, 80.6%
ield), Boc-Ala-Arg(NO2)-Pro-Ala-Lys(Z)-OBzl (3, 69.3% yield),
oc-Gly-Arg(NO2)-Pro-Ala-Lys(Z)-OBzl (4, 72.5% yield) and Boc-
ln-Arg(NO2)-Pro-Ala-Lys(Z)-OBzl (5, 40.3% yield) were obtained.
ompounds 1–5 were converted into 6 (75% yield), 7 (72% yield),
(73% yield), 9 (74% yield) and 10 (71% yield), respectively. At pH

–9 peptides 6–10 were mixed with CuCl2 resulting in 6-Cu, 7-Cu,
-Cu, 9-Cu and 10-Cu in 20%, 15%, 19%, 21% and 20% yield, respec-
ively. ESI-MS results revealed that the peaks corresponding to the
espective (6–10)-Cu were equivalent to the theoretical molecu-
ar weight of the complexes (M) minus 1 (proton) or [M−1]. Based
n the results of UV and CD analysis (see below) which revealed
–d transitions in the complexes, the general coordination model
f (6–10)-Cu could be postulated as {NH2, 2N−, CO} (Osz et al.,
002). According to this 3N coordination model, one proton in the
eptide is displaced upon the complexation with Cu(II).

.2. UV–vis and CD spectra of (6–10)-Cu

To confirm the formation of (6–10)-Cu, the UV–vis and CD spec-
ra of 6–10 and (6–10)-Cu were obtained and compared. The UV–vis
pectra of (6–10)-Cu as shown in Fig. 1 displayed a characteris-
ic absorption band in the 520–638 nm range. This characteristic
bsorption was the result of d–d transitions of Cu(II) in the visi-
le light region (Shtyrlin et al., 2005) with the exception of 7-Cu,
hich had an additional shoulder in its spectrum. The difference
emonstrated by 7-Cu is likely due to the N-terminus in peptide
. Unlike the other peptides (6, 8, 9 and 10) which contain neu-
ral amino acids at their N-termini, the N-terminus of 7 is arginine
esidue which is a highly basic amino acid and contains an addi-
ional guanido group as its side-chain. Guanidinium in arginine
xhibits a much higher pKa value (12.47) than ordinary –+NH3.
herefore, arginine residue may use its guanido nitrogen as well
s its amino nitrogen to coordinate with Cu(II) while the other
eptides (6, 8, 9 and 10) may only use their amino nitrogen to
oordinate with Cu(II).

The CD spectra of (6–10)-Cu as shown in Fig. 2 showed a char-
cteristic absorbance in the 550–650 nm range, which is consistent
ith the absorbance corresponding to the d–d transition of Cu(II)

eported (Gao and Matsui, 2005; Tiliakos et al., 2003). Based on the
esults of UV and CD analysis which revealed d–d transitions in the

omplexes and the results of ESI-MS which showed (M−1) peaks,
he general coordination model of (6–10)-Cu could be postulated as
NH2, 2N−, CO}. As such, the complexation with Cu(II) will decrease
he pH and consequently change the isoelectric point of peptides
–10 to a certain extent. To achieve better complexation, however,
Fig. 1. Visible light absorption spectra of (6–10)-Cu in water.

he pH of the mixture was initially adjusted to 8 using Na2CO3 dur-
ng the preparation of (6–10)-Cu. The final pH values of (6–10)-Cu

ere measured to be 8.61, 8.41, 7.25, 7.01 and 7.66, respectively.

.3. Size and zeta potential of the aggregates of (6–10)-Cu
ssembled in NS

The results of size of aggregates of (6–10)-Cu assembled in NS
re shown in Fig. 3 and the values were averages of eight measure-
Fig. 2. CD spectra of (6–10)-Cu in water.
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Fig. 5. The diameter of the lysis ring caused by compounds 6–10 and complexes
(6–10)-Cu after 4 h. NS, negative control; UK, positive control; For each group, n = 3;
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ig. 3. Particle sizes of (6–10)-Cu aggregates assembled in NS (1 mg/mL), monitored
or 8 days. N = 8.

urfaces of 6-Cu, 8-Cu and 10-Cu were negatively charged, and
he surfaces of 7-Cu and 9-Cu were positively charged. At 1 h fol-
owing complexation, the zeta potentials of (6–10)-Cu were found
o be −1.60, 4.25, −2.30, 0.14 and −4.79 mV, respectively. On the
th day, the zeta potentials of (6–10)-Cu were found to be −1.52,
.33, −2.60, 0.12 and −5.27 mV, respectively. The results demon-
trated that there was little change in the electrical properties of
he complexes formed between the first hour and on the 8th day.
ll the data show that chelating with Cu(II) helped the peptides to
elf-assemble into nano-scale particles.

.4. Morphology and particle size of (6–10)-Cu powders

The morphology and particle size of 6–10 or (6–10)-Cu in solid
tate were examined. However, peptides 6–10 did not show any
nique TEM morphology. The images of (6–10)-Cu powders under
EM as shown in Fig. 4 revealed that all the powders consisted of
pherical particles of similar size in the nanometer range, 8–15 nm
n diameter, which suggested that chelating with Cu(II) assisted
he peptides to self-assemble into nano-scale particles following
he evaporation of water.

.5. In vitro euglobulin lysis activities of 6–10 and (6–10)-Cu

As shown in Fig. 5, the in vitro euglobulin lysis evaluation
emonstrated that the lysis areas resulted from 10 mM of 6–10 and
6–10)-Cu were significantly larger than that from NS and 10 mM of
uCl2, indicating that both 6–10 and (6–10)-Cu are associated with
he fibrinolytic activities. The fibrinolytic activities of (6–10)-Cu as
hown by their lysis areas were found to be stronger than those
f 6–10, suggesting that Cu(II) complexation led to an enhance-
ent of in vitro fibrinolytic potency for 6–10. It was also shown

hat 10 mM of CuCl2 (2.9 ± 0.6 mm) did not result in increased lysis

rea compared to NS (3.0 ± 0.6 nm), suggesting that CuCl2 was not
brinolytic active, which suggested that the increase of the fibri-
olytic activities of (6–10)-Cu is due to the complexation. It was
lso found that there were no significant differences among the
ctivities of peptides 6–10. However, 7-Cu was the least effective

u
M
b
d

Fig. 4. TEM (Model JEM-1230, JEOL, Japa
a) Compared to NS p < 0.01; (b) Compared to NS p < 0.001, to 6 p < 0.01, to 7-Cu,
< 0.05; (c) Compared to NS p < 0.001, to 7 p < 0.01; (d) Compared to NS and 8
< 0.001, to 7-Cu p < 0.01; (e) Compared to NS, 9 and 7-Cu p < 0.001; (f) Compared

o NS and 10 p < 0.001, to 7-Cu p < 0.01.

s compared to other complexes, which is likely due to the arginine
esidue participating in the complexation.

.6. In vitro vasodilating activities of 6–10 and (6–10)-Cu

The relaxation effect of 6–10 and (6–10)-Cu on NE induced
asoconstriction was expressed by the half maximal effective con-
entration (EC50) and was determined using GWBASIC EXE program
Montet et al., 2006). The results (as shown in Fig. 6) indicated
hat the EC50 values of 6–10 to NE induced vasoconstriction were
4.5 �M, 57.6 �M, 250.0 �M, 243.0 �M and 131.0 �M, respectively,
hile for (6–10)-Cu were 2.63 �M, 20.3 �M, 2.57 �M, 5.55 �M and

.17 �M, respectively. The comparison of the EC50 values of 6–10
nd (6–10)-Cu revealed that the in vitro vasodilating effect of 6–10
as increased by complexation with Cu(II) by 32, 2.8, 97.3, 43.8 and

1.2 fold, respectively. The EC50 value of CuCl2 to NE induced vaso-
onstriction was higher than 10 mM, indicating that Cu(II) alone
ad little vasodilating effect. It was also found that the activity
f 7 was higher compared to peptides 6, 8, 9 and 10, while that
f 7-Cu was lower compared to those of (6, 8, 9, 10)-Cu (Fig. 6),
hich was likely due to the N-terminal arginine residue in 7. We

uppose that the N-terminal arginine residue in peptide 7 would
ontribute to its vasodilating effect, while after complexation with
u this contribution was actually diminished.

.7. In vitro thrombolytic activities of 6–10 and (6–10)-Cu
In vitro thrombolytic activities of 6–10 and (6–10)-Cu were eval-
ated using a reported method with modifications (Braunecker and
atyjaszewski, 2007; Tiliakos et al., 2003). The reduction of throm-

us in weight was used as the in vitro thrombolytic activity, and the
ata are presented in Fig. 7. It was demonstrated that incubation

n) images of (6–10)-Cu powders.
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Fig. 6. The EC50 values of 6–10 and (6–10)-Cu against NE induced vasoconstriction.
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Fig. 8. The in vivo effect of 6–10 and (6–10)-Cu on the thrombus weight reduction.
NS, negative control; UK, positive control; For each group, n = 10; UK = 20,000 IU/kg;
CuCl2 = 10 �mol/kg; 6–10 = 10 �mol/kg; (6–10)-Cu = 10 �mol/kg; (a) Compared to
NS, 7 and 8 p < 0.0001, to 10 p < 0.01; (b) Compared to NS, UK and 9 p < 0.0001, to
10 p < 0.01; (c) Compared to NS, UK and 9 p < 0.0001, to 10 p < 0.05; (d) Compared to
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or each group, n = 6, the EC50 values of CuCl2 against NE induced vasoconstriction
as greater than 100 M; (a) Compared to 6 p < 0.0001; (b) Compared to 7 p < 0.0001;

c) Compared to 8 p < 0.0001; (d) Compared to 9 p < 0.0001; (e) Compared to 10
< 0.0001.

ith peptides 6–10 (100 nM) for 2 h resulted in reductions ranging
rom 25.76 mg to 30.44 mg, which were significantly higher than
hat of NS (20.67 mg at p < 0.01) and CuCl2 (22.15 mg at p < 0.01).
ncubation with (6–10)-Cu (100 nM) for 2 h resulted in reductions
f thrombus ranging from 30.86 mg to 36.65 mg, which were sig-
ificantly higher than those of 6–10 (p < 0.05). The results showed
hat Cu(II) complexation led to a significant increase in the in vitro
hrombolytic activity of 6–10. The activity of 100 nM of CuCl2 was
ound to be equivalent to that of NS, suggesting that Cu(II) alone
ad little in vitro thrombolytic activity.

.8. In vivo thrombolytic activities of 6–10 and (6–10)-Cu

The results of in vivo thrombolytic assays are presented in Fig. 8.
t was found that the reductions of thrombus by 10 �mol/kg of 6,
, 8, 9 and 10 were 18.16, 12.83, 13.34, 19.22 and 15.37 mg, respec-
ively, which were significantly higher than that by NS (6.93 mg,
< 0.01). The reductions of thrombus by 10 �mol/kg of (6, 7, 8, 9,
0)-Cu were 19.98, 18.12, 19.28, 19.40 and 18.8 mg, respectively.
mong them, peptides 6 and 9 showed a similar in vivo throm-
olytic activity as UK. The in vivo thrombolytic activities of (6, 7,

, 10)-Cu were shown to be similar to that of UK and significantly
igher than that of their corresponding counterparts, 6, 7, 8 and
0 (p < 0.05). The thrombus reduction by 10 �mol/kg of CuCl2 was
.44 mg which was similar to that of NS (6.93 mg), suggesting Cu(II)
lone had little in vivo thrombolytic activity. Peptide 9 exhibited a

ig. 7. The in vitro thrombolytic activity of 6–10 and (6–10)-Cu following 2 h incu-
ation. NS, vehicle; UK, positive control; For each group, n = 6; (a) Compared to NS
< 0.0005, to 7 p < 0.05; (b) Compared to NS and 10 p < 0.01, to 8 p < 0.05; (c) Com-
ared to NS p < 0.001; (d) Compared to NS p < 0.01, to 10 p < 0.05; (e) Compared
o NS p < 0.0001; (f) Compared to NS p < 0.0001, to 6 p < 0.05; (g) Compared to NS
< 0.0001, to 7 p < 0.01; (h) Compared to NS p < 0.0001, to 8 p < 0.05; (i) Compared

o NS p < 0.0001, to 9 p < 0.01, to 10-Cu p < 0.05; (j) Compared to NS p < 0.0001, to 10
< 0.01.
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S and 10 p < 0.0001; (e) Compared to NS p < 0.0001, to UK, p < 0.01; (f) Compared
o NS p < 0.0001, to 6 and 7-Cu p < 0.05; (g) Compared to NS and 7 p < 0.0001; (h)
ompared to NS and 8 p < 0.0001; (i) Compared to NS, p < 0.0001; (j) Compared to
S p < 0.0001, to 10 p < 0.01.

igher activity compared to other peptides tested, and no signifi-
ant difference was observed between 9 and 9-Cu.

.9. Dose-dependent in vivo thrombolytic activities of 9 and 9-Cu

Due to the good in vivo thrombolytic activity exhibited by pep-
ide 9 (equally as good as UK) and little difference between 9 and
ts corresponding complex, 9-Cu, 9 and 9-Cu were selected to do a
urther dose-dependent study. The results as shown in Fig. 9 indi-
ated that peptide 9 at 10, 1 and 0.1 �mol/kg caused reduction of
hrombus by 19.20, 9.81 and 7.02 mg, respectively, and the same
mounts of 9-Cu resulted in thrombus reduction of 19.20, 13.98
nd 11.20 mg, respectively. The results indicated that the throm-
olytic activities of both 9 and 9-Cu were dose dependent, and the
eductions of thrombus by 9-Cu at 1 and 0.1 �mol/kg were signif-
cantly higher than 9 (p < 0.05 and 0.0001). The results suggested

hat the thrombolytic activities of both peptide 9 and its complex
-Cu reached a plateau as concentrations increased and no differ-
nce was observed at higher concentrations. However, when the
ose was decreased to 0.1 �mol/kg, no thrombolytic activity was
bserved for peptide 9 (7.02 mg) as compared to NS (6.93 mg), while

ig. 9. The dose-dependent thrombolytic activity of 9 and 9-Cu. n = 10; (a) Com-
ared to 1 �mol/kg of 9 p < 0.0001, to 10 and 0.1 �mol/kg of 9-Cu p < 0.001; (b)
ompared to NS p < 0.0001, to 1 and 0.1 �mol/kg of 9 p < 0.05; (c) Compared with NS
nd 0.1 �mol/kg of 9 p < 0.001; (d) Compared to NS p > 0.05.
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-Cu still showed some activity (11.02 mg). These results suggest
hat although 9 was the most potent peptide, complexation with
u(II) further improved the in vivo thrombolytic activity.

. Conclusion

Cu–peptide complexes were successfully synthesized and con-
rmed by UV, CD and ESI-MS spectra. Measurement of particle
ize and zeta potential of the resulting Cu–peptide complexes
emonstrated the formation of nano-scale aggregates through self-
ssembly, which was aided by the copper ion. From the in vitro and
n vivo tests, it was clear that Cu–peptide complexes significantly
nhanced the euglobulin lysis activity, vasolidating activity and
hrombolytic activity as compared to the ligand peptides. Among
he Cu–peptide complexes, 7-Cu is the least effective, which might
e due to the participation of the N-terminal arginine residue in
he complexation. The ability of (6–10)-Cu in forming nano-scale
ggregates may be responsible for their increased in vitro and in
ivo thrombolytic activities as compared to the ligand peptides,
hich was further manifested by the dose-dependent thrombolytic

ctivity of 9-Cu.
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