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Abstract: Thrombosis disease has been the leading cause of morbidity and mortality worldwide. 

In the discovery of antithrombotic agents, three complexes of Cu2+ and repetitive arginine-

glycine-aspartic acid (RGD) sequences, Cu(II)-Arg-Gly-Asp-Ser-Arg-Gly-Asp-Ser (Cu[II]-4a), 

Cu(II)-Arg-Gly-Asp-Val-Arg-Gly-Asp-Val (Cu[II]-4b), and Cu(II)-Arg-Gly-Asp-Phe-Arg-Gly-

Asp-Phe (Cu[II]-4c), were previously reported, of which Cu(II)-4a and Cu(II)-4c possessed the 

highest in vitro and in vivo activity, respectively. Transmission electron microscopy (TEM) 

images visualized that Cu(II)-4a and Cu(II)-4c formed nanoaggregates and nanoparticles, 

respectively. However, the details of the formation of the nanospecies complexes and of 

the mechanism for inhibiting thrombosis remain to be clarified. For this purpose, this study 

designed a novel complex of Cu(II) and the RGD octapeptide, Arg-Gly-Asp-Phe-Arg-Gly-

Asp-Ser (RGDFRGDS), consisting of Arg-Gly-Asp-Phe of Cu(II)-4c and Arg-Gly-Asp-Ser of 

Cu(II)-4a, to colligate their biological and nanostructural benefits. In contrast with Cu(II)-4a, -4b,  

and -4c, Cu(II)-RGDFRGDS (Cu2+-FS) had high antiplatelet and antithrombotic activities, 

with the formed nanoparticles having a porous surface. Additionally, this paper evidenced the 

dimer had the basic structural unit of Cu2+-FS in water, theoretically simulated the formation of 

Cu2+-FS nanoparticles, and identified that Cu2+-FS activity in decreasing glycoprotein IIb/IIIa,  

P-selectin, and IL-8 was responsible for the antithrombotic action. Finally, adherence onto 

the surface and entry into the cytoplasm were considered the steps of a two-step model for the 

blocking of platelet activation by Cu2+-FS nanoparticles. Findings indicated that the antiplatelet 

aggregation activity of Cu2+-FS was 10–52 times higher than that of RGDFRGDS, while the 

effective dose for antithrombotic action was 5,000 times lower than that of RGDFRGDS.

Keywords: GPIIb/IIIa, IL-8, TEM, AFM, SEM, nanomedicine

Introduction
Integrins play a vital role in the growth and survival of nucleated cells.1,2 Ligands 

bind integrin to mediate the formation and remodeling of focal adhesions. Focal 

adhesions then change the cellular shape and tissue organization.3 Integrins can inter-

act particularly well with a series of ligands. Arginine-glycine-aspartic acid (RGD) 

peptides are the most common integrin binding ligands.4 Fibrinogen plays a critical 

role in the aggregation of platelet through the cross-linking with integrins. Two RGD 

sequence peptides are located in each of the two fibrinogen A alpha chains – arginine-

glycine-aspartic acid-phenylalanine (RGDF) is present at fibrinogen Aα 95-98, and the 

sequence arginine-glycine-aspartic acid-serine (RGDS) exists at the fibrinogen Aα 572-

575 domain. RGD sequences can bind integrins αυβ3
 and αυβ5

,5–7 and synthetic RGD 

peptide has been widely applied to treat pulmonary embolism and deep vein throm-

bosis8 to decrease thrombosis risk, to improve the blood compatibility of implanted 
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materials,9 and to assist leptospiral immunoglobulin-like 

proteins in regulating thrombosis and fibrinolysis.10

Cu2+ ion, an essential mineral nutrient, has a positive 

redox potential and can participate in biological transport 

reactions.11 Cu2+ complexes possess a wide range of bio-

logical activities, such as antitumor, antiviral, and anti-

inflammatory activities.12 Cu2+ complexes are potential 

therapeutics in coronary heart disease due to their ability to 

increase superoxide dismutase (SOD) activity and relax oxi-

dative stress.13 The investigations of complexes of Cu2+ and 

peptide have been correlated with nanoscale self-assembly, 

bioactivity, and with positron emission tomography (PET) 

images of arterial thrombosis.14–21 Recently, three Cu(II)-

complexes, Cu(II)-Arg-Gly-Asp-Ser-Arg-Gly-Asp-Ser 

(Cu(II)-4a), Cu(II)-Arg-Gly-Asp-Val-Arg-Gly-Asp-Val 

(Cu(II)-4b), and Cu(II)-Arg-Gly-Asp-Phe-Arg-Gly-Asp-Phe 

(Cu(II)-4c), were synthesized,22 consisting of octapeptides 

with two repeated RGD-peptides; among the three, it was 

revealed that Cu(II)-4a and Cu(II)-4c possessed the high-

est in vitro and in vivo activities, respectively. Besides 

Cu(II)-4c can form nanoparticles. Thus we hypothesized 

that the complex of Cu(II) and the octapeptide consisting of  

Arg-Gly-Asp-Phe (RGDF) of Cu(II)-4c and Arg-Gly-Asp-

Ser (RGDS) of Cu(II)-4a (Arg-Gly-Asp-Phe-Arg-Gly-Asp-

Ser [RGDFRGDS]), ie, Cu(II)-RGDFRGDS (Cu2+-FS) should 

have the benefits of Cu(II)-4a and Cu(II)-4c. We aimed to 

show this and to show details of the formation of the Cu(II)–

RGD octapeptide complex nanoparticles, and their activity in 

thrombotic therapy. We also aimed to visualize the interac-

tion model of the nanoparticles with activated platelets.

Materials and methods
general procedures
The protected L-amino acids and all reagents were available 

commercially (Sigma-Aldrich Corp, St Louis MO, USA). 

Anhydrous solvents were dried and purified by standard meth-

ods prior to use. Column chromatography was performed on 

silica gel of 200–300 mesh. The purity of the intermediates and 

the products was measured with thin-layer chromatography 

(TLC) and high-performance liquid chromatography (HPLC) 

(C
18

 column 4.6×150 mm; Waters Corporation, Milford, MA, 

USA), and was greater than 97%. Reactions were monitored 

by TLC on glass plates coated with silica gel with a fluorescent 

indicator. Melting points were determined on a XT5 hot stage 

apparatus (Beijing Keyi Electro-Optic Factory, Beijing, People’s 

Republic of China) and were uncorrected. Proton nuclear mag-

netic resonance (1HNMR) (300 MHz) and 13C nuclear magnetic 

resonance (13CNMR) (75 MHz) spectra were recorded in dim-

ethyl sulfoxide (DMSO)-d
6
 or CDCl

3
, and with tetramethylsilane 

as the internal standard. Electrospray ionization (ESI) mass 

spectrometry (MS) (ESI-MS) was measured on a ZQ 2000 

(Waters Corp) and a 9.4 T solariX Fourier transform (FT) ion 

cyclotron resonance (ICR) (FT-ICR) mass spectrometer (Bruker 

Corp, Billerica, MA, USA), with an ESI/matrix-assisted laser 

desorption/ionization (MALDI) dual ion source.

Preparing cu2+-Fs
The complexation of RGDFRGDS and CuCl

2
·2H

2
O 

provided Cu2+-FS (Figure 1). Firstly, octapeptide RGD-

FRGDS was synthesized using the solution-phase method. 

Three protective dipeptides Boc-Arg(NO
2
)-Gly (94% total 

yield), HCl·Asp(OCH
3
)-Ser-OBzl (96% total yield), and 

HCl·Asp(OCH
3
)-Phe-OBzl (99% total yield) were pre-

pared as the starting material to prepare the corresponding 

tetrapeptides Boc-Arg(Tos)-Gly-Asp(OCH
3
)-Phe (88% 

yield) and HCl·Arg(Tos)-Gly-Asp(OCH
3
)-Ser-OBzl (97% 

yield). Coupling the tetrapeptides yielded octapeptide Boc-

Arg(Tos)-Gly-Asp(OCH
3
)-Phe-Arg(Tos)-Gly-Asp(OCH

3
)-

Ser-OBzl (90% yield). After removing all protective groups, 

RGDFRGDS was obtained in 90% yield. Finally, the 

complex Cu2+-FS was formed (in 24% yield) through the 

complexation of CuCl
2
⋅2H

2
O and RGDFRGDS.

characterization
Measuring ultraviolet visible (UV/Vis) and circular 
dichroism (cD) spectra
The UV/Vis spectra over 220–760 nm of wavelength, and the 

CD spectra over 190–760 nm of wavelength were recorded 

for the aqueous solutions of RGDFRGDS (1 mg/mL, 25°C) 

and Cu2+-FS (1 mg/mL, 25°C), on a UV-Vis absorption spec-

trophotometer (UV-2550; Shimadzu Corp, Kyoto, Japan) and 

on a spectropolarimeter using the JASCO Canvas Program 

(J-810; JASCO Corp, Tokyo, Japan), respectively.

Measuring particle size and zeta potential  
of cu2+-Fs in normal saline (Ns)
To characterize Cu2+-FS in solution, the particle size of 

Cu2+-FS in NS (1 mg/mL) was determined on a particle size 

analyzer (Nano-ZS90; Malvern Instruments Ltd, Malvern, 

UK), and the zeta potential of Cu2+-FS in NS (1 mg/mL) was 

measured using a Zeta Potential Plus Analyzer (Brookhaven 

Instruments Corp, Holtsville, NY, USA). The particle size 

was measured at 25°C, at 27 minutes, 24 hours, and 10 days, 

and the zeta potential was measured at 10 days.

Measuring FT-Ms spectra
Mass spectra were recorded on a Bruker 9.4T solariX FT-ICR 

mass spectrometer equipped with an ESI/MALDI dual ion 
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source in positive ion mode. Three replicate measurements 

were performed for each sample. Data were acquired using the 

solariX control software. Spectral data were processed using 

the Bruker Daltonics data analysis software (Bruker Corp).

Mesoscale simulation and nanostructure prediction
The structure of RGDFRGDS was sketched using ChemDraw 

Ultra 10.0 (PerkinElmer Inc., Waltham, MA, USA) and trans-

formed into three-dimensional (3D) structure with Materials 

Studio® 3.2 (Accelrys, Inc., San Diego, CA, USA). Cu2+ was 

placed inside RGDFRGDS, and the entire structure was further 

optimized using the Materials Studio Forcite module. The pre-

pared model of Cu2+-FS was first geometry optimized until the 

convergence of maximum energy and maximum force changes, 

to 2×e−5 kcal/mol and 0.001 kcal/mol/Å, respectively, and then 

molecular dynamic simulation was performed at 500 K using 

the NVT ensemble until equilibration. The final structure was 

further optimized with Material Studio Dmol3 module. A rigid 

coarse grain model of Cu2+-FS was built as five connected spher-

ical beads, based on the Dmol3 optimized structure. In a cubic 

box of 12×12×12 Å, the coarse grain model of Cu2+-FS was 

randomly distributed with a density of 0.05 g/cm3. A 2,500 ps  

simulation was performed on this system at 298 K using the 

NVT ensemble.

Transmission electron microscopy (TEM) 
measurements
A solution of Cu2+-FS at pH 7.4 was dropped onto a Formvar-

coated copper grid, and then a drop of anhydrous ethanol was 

added to promote water removal; then the whole copper grid 

was left to dry in air and heated at 35°C for 24 hours prior 

to measurement. A portion of the solution was successively 

dropped onto three Formvar-coated copper grids to ensure the 

reproducibility of the analysis of the morphology and particle 

size distribution of the nanospecies. The morphology and 

particle size distribution of the nanospecies of Cu2+-FS were 

obtained over 100 species, in randomly selected regions on 

the copper grid, by TEM (JSM-6360 LV; JEOL Ltd, Tokyo, 

Japan) at accelerating voltage of 80 kV, and each microscopy 

experiment was repeated three times. The TEM images were 

obtained on an imaging plate with 20 eV energy windows at 

6,000–400,000× and were digitally enlarged.

Tos

ArgBoc

Tos

ArgBoc Gly

Tos

ArgBoc Gly Asp Phe OBzl

OMe

Tos

ArgBoc Gly Asp Ser OBzl

OMe

Tos

Arg Gly Asp Ser OBzl
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OMe OMe

HCl

Tos
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OMe
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Figure 1 Preparation of rgDFrgDs and cu2+-Fs.
Notes: (i) NMM, Dcc, and hOBt. (ii) hcl/etOac. (iii) h2/Pd/c. (iv) Phenyl methyl ether, CF3cO2h/cF3sO3h (4/1). (v) cucl2.
Abbreviations: cu2+-Fs, the complexes of cu2+  and  RGDFRGDS;  DCC,  dicyclohexylcarbodiimide;  HOBt,  N-hydroxybenzotriazole;  NMM,  N-methylmorpholine; 
RGDFRGDS, arginine-glycine-aspartic acid-phenylalanine-arginine-glycine-aspartic acid-serine.
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Atomic force microscopy (AFM) measurements
The contact mode AFM test was carried out using a Nano-

scope 3D AFM (Veeco Instruments Ltd, Plainview, NY, 

USA) to visualize the 3D morphological characteristic of 

Cu2+-FS in blood. The images of rat plasma alone (nega-

tive control), Cu2+-FS in rat plasma (10−2 μM, pH 7.4), and 

Cu2+-FS in aqueous solution (positive control) (10−2 μM, pH 

7.4) were recorded.

Scanning electron microscopy (SEM) of platelets 
treated with cu2+-Fs
Rat blood was collected in centrifuge tubes containing 3.8% 

sodium citrate (1:9). Platelet-rich plasma (PRP) was sepa-

rated with centrifugation, at 221 g, for 15 minutes. Arachi-

donic acid (AA) (final concentration 15 μM) and 10 μL  

of Cu2+-FS (final concentration 200 nM) were added to PRP 

(500 μL). The resulting system was incubated for 5 minutes 

at 37°C and centrifuged for 15 minutes at 1,811 g to allow 

platelets to precipitate. The precipitated pellet was then 

immersed in glutaraldehyde (3%) for 1 hour. Glutaraldehyde 

was separated by using centrifugation, while the supernatant 

was discarded. The precipitants were washed three times 

with phosphate-buffered saline (PBS) and postfixed in 1% 

osmium tetroxide, on ice for 1 hour. Then, the sample was 

centrifuged again and treated twice with 50% ethanol for  

10 minutes. The sample was dehydrated in a graded series 

of ethanol (70%, 80%, 90%, and 100%) and incubated for  

10 minutes. Finally, the sample was dried using a critical point 

dryer (CPD300; Leica Microsystems, Wetzlar, Germany), 

mounted on an aluminum stub, coated with platinum by the 

JFC-1600 Auto Fine Coater (JEOL Ltd), and imagined on 

an SEM (S-4800; Hitachi Ltd., Tokyo, Japan).

Glycoprotein (GP)IIb/IIIa expression assay
The enzyme immunoassay was used to measure the GPIIb/IIIa 

levels of the platelets in citrated rat blood samples according 

to the manufacturer’s instructions (Rat Platelet Membrane 

Glycoprotein ELISA Kit; Rapid Bio Tests Corp, USA). PRP 

was prepared as described above. The diluent solution (5,400 μL,  

from the kit) was added to PRP (600 μL) to give the PRP 

sample. Cu2+-FS (final concentration, 0.1, 1, 10, and 100 nM) 

was added to 960 μL of the PRP sample, and the mixture was 

incubated at 37°C for 5 minutes prior to the addition of AA 

in NS (20 μL, 0.15 mg/mL). The system was incubated for  

3 minutes at 37°C to form the test sample, ie, Cu2+-FS-treated 

PRP sample. NS (20 μL) was added to the PRP sample 

(960 μL), and the mixture was incubated for 5 minutes at 37°C, 

to which AA in NS (20 μL, 0.15 mg/mL) was added. The system 

was then incubated for another 3 minutes at 37°C to form an 

NS-treated PRP sample (blank control). The NS-treated PRP 

sample (50 μL) or the Cu2+-FS-treated PRP sample (50 μL) 

was added to the control well and the test well in the 96-well 

plate pre-coated with antibody specific for GPIIb/IIIa. The 

plate was incubated for 30 minutes at 37°C. Upon removal of 

the solution, the wells were washed five times with washing 

solution (from the kit). NS (50 μL) was added to the control 

well, and enzyme labeling solution (50 μL, from the kit) was 

added to the test well, and then the 96-well plate was incubated 

for 30 minutes at 37°C. Upon the removal of the solution, the 

wells were washed five times with washing solution (from the 

kit). Chromogen solution A (50 μL) and chromogen solution B 

(50 μL, from the kit) were successively added to each well, and 

the system was gently mixed, protected from light at 37°C for 

15 minutes for coloration. The stop solution (50 μL, from the 

kit) was added to each well to stop the coloration. The optical 

density (OD) value at 450 nm was determined, and the GPIIb/

IIIa level was calculated according to the standard samples 

(from the kit).23,24

P-selectin expression assay
Enzyme immunoassay was used to measure the P-selectin 

levels of activated platelets in citrated rat blood samples, 

according to the manufacturer’s instructions (Rat P-selectin 

ELISA Kit; Wuhan Huamei Biotech Co., Ltd., Wuhan, 

Hubei Province, People’s Republic of China). PRP was 

prepared as described above, and 10 mL of Cu2+-FS solution 

(5 nM) in NS was added to 980 mL of PRP sample, prior 

to the addition of AA (10 mL, 0.15 mg/mL). This solution 

was incubated for 3 minutes at 37°C to prepare the test 

sample, ie, Cu2+-FS-treated PRP sample. For the blank con-

trol sample (ie, NS-treated PRP sample), 10 mL of NS was 

added to 980 mL of PRP sample and incubated at 37°C for  

5 minutes, after which 10 mL of AA in NS (0.15 mg/mL) was 

added, followed by incubation at 37ºC for another 3 minutes. 

Next, 100 mL of NS-treated PRP sample and 100 mL of the 

Cu2+-FS-treated PRP sample were added into the control well 

and the test well of a 96-well plate precoated with antibody 

specific for p-selectin, respectively. The 96-well plate was 

incubated at 37°C for 120 minutes. Upon the removal of the 

solvent, 100 mL of biotin labeling antibody (from the kit) 

was added to each well. The plate was incubated at 37°C 

for 60 minutes. Upon removal of the solvent, the wells were 

washed three times with washing solution (from the kit). To 

each well, 100 mL of horseradish peroxidase–labeled avidin 

(from the kit) was added, and the plate was incubated at 37°C 

for 60 minutes. Upon the removal of the solvent, the wells 
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were washed five times with washing solution (from the 

kit). Then, 90 mL of the substrate (from the kit) was added 

to each well, incubated at 37°C and protected from light for 

20 minutes for coloration. Next, 50 mL of the stop solution 

(from the kit) was added to each well for 15 minutes to stop 

the coloration. At 450 nm, the OD value of each well was 

tested, and the P-selectin level was calculated according to 

the standard samples (from the kit).

In vitro platelet aggregation assay
Platelet aggregation in PRP was measured in a two-channel 

platelet aggregometer. The citrated pig blood was imme-

diately centrifuged at 221 g for 15 minutes, and PRP was 

removed. The remaining blood was centrifuged at 1,811 g  

for another 10 minutes to prepare platelet-poor plasma 

(PPP). The PRP was diluted with PPP and counted to con-

taining approximately 2×108 platelets/mL. To an optical 

glass cuvette, NS (5 μL) or the solution of RGDFRGDS  

(5 μL, final concentrations ranging from 10 μM to 10 nM) 

or Cu2+-FS in NS (final concentrations ranging from 10 μM 

to 0.1 nM) was added to the diluted PRP solution (0.5 mL). 

After adjustment of the baseline, the solution of platelet-

activating factor (PAF) in NS (5 μL, final concentration  

0.1 μM), or the solution of adenosine diphosphate (ADP) 

in NS (5 μL, final concentration 10 μM), or the solution of 

AA in NS (5 μL, final concentration 350 μM), or the solu-

tion of thrombin (TH) in NS (50 μL, final concentration 

0.1 IU/mL) was added, and aggregation was determined 

at 37°C for 5 minutes. The activities of RGDFRGDS and 

Cu2+-FS in inhibiting PAF- or ADP- or AA- or TH-induced 

platelet aggregation were evaluated. The peak height of the 

aggregation curve represented the maximal rate of platelet 

aggregation (A
m
%). The inhibition rate was calculated by 

the equation:

 % Inhibition =  (1 − [A
m
% of RGDFRGDS or  

Cu2+-FS/A
m
% of NS]) ×100%,

 (1)

where A
m
% of NS =51.08%±3.65%. The dose–response 

curve was plotted to determine the half maximal inhibitory 

concentration (IC
50

) values via the GW-BASIC program.25

Antithrombotic assay in a rat model
Here the assessments were based on a protocol reviewed and 

approved by the ethics committee of Capital Medical Univer-

sity. The committee assured that the welfare of the animals 

was maintained in accordance with the requirements of the 

Animal Welfare Act and according to the Guide for Care and 

Use of Laboratory Animals. Male Wistar rats (250–300 g) 

were purchased from the Animal Center of Peking University 

(Beijing, People’s Republic of China) for the study. The rats 

were anesthetized by intraperitoneal (IP) administration of 

80.0 mg/kg pentobarbital sodium; then, the left jugular vein 

and the right carotid artery were separated, and polyethylene 

tubes were used to make shunts between the jugular vein and 

carotid artery. A weighed 6 cm nonabsorbable surgical thread 

of silk was put into the middle polyethylene tube. Before can-

nulating, the polyethylene tube was filled, with the solution of 

heparin sodium in NS (50 IU/mL) as anticoagulant. The ends 

of the polyethylene tube were inserted into the left jugular vein 

and right carotid artery, respectively. The solution of Cu2+-FS 

in NS, or NS alone, or the solution of RGDFRGDS in NS 

flowed from the right carotid artery to the left jugular vein via 

the polyethylene tube for 15 minutes. The surgical thread was 

taken out to record the increased thread weight as wet thrombus 

weight. The statistical analysis of the data was done using an 

analysis of variance (ANOVA) statistical test with a statistical 

significance level of P-value less than 0.05 (P0.05).

In vivo Il-8 measurement
After the thrombotic study, 9 mL of fresh blood, from the carotid 

artery of the anesthetized rats, was collected into centrifuge 

tubes containing 1 mL of 3.8% sodium citrate. Blood samples 

were centrifuged (1,811 g, 30 minutes, 2°C–8°C) immediately 

to prepare plasma samples. IL-8 levels in the blood were 

measured by enzyme-linked immunosorbant assay (ELISA) 

assay according to the instruction of the IL-8 ELISA kit.  

The absorbance at 450 nm of wavelength was measured with 

a SpectraMax 190 Absorbance Microplate Reader, and the 

concentration of IL-8 in culture was determined using the 

IL-8 standard curve. Data were expressed as mean ± standard 

deviation (SD) ng/mL. The statistical analysis of the data 

was done using an ANOVA statistical test, with a statistical 

significance level of P-value less than 0.05 (P0.05).

Results
The complexation model of cu2+ and Fs
To know the formation of Cu2+-FS, the UV-Vis, CD, and 

MS spectra were measured and compared with those of 

RGDFRGDS. The UV-Vis spectra indicated that over the 

wavelength of 220–760 nm, RGDFRGDS gave no signal, 

while Cu2+-FS had a d–d transition at 560 nm (Figure 2), 

which is in agreement with the tetracoordinated Cu in CuN
2
O

2
 

in a nearly square planar geometry.26

CD spectroscopy is a very sensitive technology for char-

acterizing metal ion speciation in low concentration.27,28 The 

CD spectra showed that over the 400–750 nm wavelength, 
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RGDFRGDS gave no signal, while Cu2+-FS gave negative 

bands around 560 nm, the d–d transition results from Cu2+-FS 

(Figure 3). The d–d transition energy indicated that each Cu2+ 

was coordinated with two oxygen atoms and two nitrogen 

atoms.29 A positive dichroic band at 270 nm was observed in 

the charge transfer region. The σ N →3d transitions, the tran-

sitions from σ N to 3d, were typically observed in this region. 

This model was characterized by a charge transfer transi-

tion of N/Cu2+ at ~270 nm and a d–d transition at ~560 nm.  

Further, the ESI-MS spectra showed that Cu2+-FS consistently 

provided a characteristic peak of [M–H]− indicating the com-

plexation of one mole of RGDFRGDS and one mole Cu2+. 

Therefore the UV, CD, and ESI-MS tests supported the 2N 

and 2O model of {NH, 2N-, CO} of Cu2+-FS.

FT-Ms spectrum and dimers
The FT-MS spectrum of aqueous Cu2+-FS is shown in Figure 4.  

The ion peak at 1,981.57170 (inset) equals the mass of two 

molecules of Cu2+-FS plus K (971.3396), suggesting the 

FT-MS spectrum belonged to a dimer of Cu2+-FS. Since the 

spectrum contained no ion peak of the monomer, the dimer 

should be the existing form of Cu2+-FS in water.

computer-predicted nanoparticles
To predict the assembly of the dimers of Cu2+-FS, computer-

assisted molecular modeling was performed. A three-step 
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procedure of geometry optimization, molecular dynamics, 

and geometry optimization was used to optimize the free 

energy of Cu2+-FS, and the conformation of the lowest energy 

of the monomer and the dimer were defined. The geometry 

optimization suggested that to form a dimer, two molecules 

should approach in a head-to-tail manner – and six holes 

occurred (Figure 5A). The mesoscale simulation software 

assisted calculation showed that Cu2+-FS formed nanopar-

ticles and that the smallest particle was 31 nm in diameter 

and contained 27 dimers (Figure 5B).

Particle size and zeta potential of cu2+-Fs 
in Ns
The mesoscale simulation software-assisted calculation 

predicted the size of nanoparticle in figure 5. Also, the self-

assembly was confirmed by the nanosize of Cu2+-FS in NS, 

which was monitored for 10 days, and the data are listed 

in Figure 6A. As seen in the figure, in NS, Cu2+-FS formed 

nanoparticles of 126.2 to 252.7 nm in diameter. Even on 

day 10, the particle diameter was still around 177.8 nm.  

Therefore these nanoparticles were stable enough. The 

particle sizes of Cu2+-FS in NS were also monitored during 

the beginning 27 minutes and are shown in Figure 6B. The 

data reveal that at the very beginning, Cu2+-FS assembled 

into nanoparticles of 238.2±34.4 nm in diameter, and at  

27 minutes, the diameters of the particles were 113.9±21.7 nm.  

The diameters of the nanoparticles at 27 minutes, 24 hours,  

and 10 days were close to each other. This suggests 

that in NS, Cu2+-FS was able to quickly form stable  

nanoparticles.

To explore the zeta potential of Cu2+-FS in NS, a solu-

tion was monitored for up to 10 days. On the first day, the 

zeta potential of the particle surface was about 36.12 mV, 

suggesting the surfaces of the particles were surrounded by 

the positive charges. On day 10, the zeta potential of the 

surfaces of the particles were approximately 28.97 mV, sug-

gesting the particles were still positively charged. The zeta 

potential on day 10 was similar to that on day 1, suggesting 

the nanoparticles of Cu2+-FS in NS were stable and had no 

significant change in 10 days.
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Figure 5 Proposed model of cu2+-Fs.
Notes: (A) Forming the dimer and (B) forming nanoparticles.
Abbreviation: cu2+-Fs, cu2+-Arg-Gly-Asp-Phe-Arg-Gly-Asp-Ser.
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Features of cu2+-Fs nanoparticles in 
aqueous solution of ph 6.7 and 7.4
The computer-predicted nanomorphology of Cu2+-FS was 

confirmed by TEM images. In aqueous solution, Cu2+-FS (pH 

6.7, 0.015 nM) formed nanoparticles of 13–90 nm in diameter 

(Figure 7). As seen in the figure, on the surface of the nano-

particles were numerous holes of ~4 nm in diameter. It could 

be hypothesized that the dimers of Cu2+-FS assembled in the 

head-to-tail conformation and formed nanoparticles with 

porous surfaces.

To explore the effect of the concentration on the size 

of the surface pore of the nanoparticles, the TEM-images  

of Cu2+-FS at various concentrations of aqueous solution of 

pH 7.4 (the pH of the blood and tissue fluid) were measured, 

analyzed, and are shown in Figure 8. As seen in the figure, 

the size of the surface pore of the nanoparticles depended 

on the concentration. At 1.5×10−2 nM, 1.5 nM, 1.5×102 nM, 

1.5×103 nM, 1.5×106 nM and 1.5×108 nM concentrations, the  

pore diameters were 3.1–3.3 nm, 4.2 nm, 4.5–4.9 nm, 

5.0–5.3 nm, 8.3–8.7 nm, and 9.0–10.0 nm, respectively. Of 

the six concentrations, 1.5 nM, 1.5×102 nM, and 1.5×103 nM  

equaled the blood concentrations of the rats treated with  

0.1, 1.0, and 10.0 mol/kg of Cu2+-FS, respectively.

aFM image of nanoparticles
The computer-predicted nanomorphology of Cu2+-FS was 

further confirmed by AFM image. The blank rat plasma con-

tained no comparable nanoparticles (Figure 9A). In rat plasma, 

Cu2+-FS (10−2 μM) formed nanoparticles of 39.3–78.1 nm  

in height (Figure 9B). In aqueous solution of pH 7.4, Cu2+-FS 

(10−2 μM) formed nanoparticles of 39.6–54.9 nm in height 

(Figure 9C).

seM image of the platelets treated 
with cu2+-Fs
The interaction between the nanoparticles and the activated 

platelets was visualized with the SEM image of Cu2+-FS-

treated rat platelets. There were numerous nanoparticles on the 

surfaces of the AA-activated rat platelets treated with 200 nM  

Cu2+-FS (Figure 10A), and some nanoparticles were on the 

edge of the pores (Figure 10A). In contrast, there were no 

comparable nanoparticles on the surfaces of the AA-activated 

rat platelets treated with NS (Figure 10B). Further, the  

AA-activated rat platelets treated with NS had pseudopods, 

while the AA-activated rat platelets treated with 200 nM 

Cu2+-FS had no such pseudopods.

Downregulation of gPIIb/IIIa 
and P-selectin
The effect of the nanoparticles on the activated platelets was 

quantitatively explained with the GPIIb/IIIa expression in the 

AA-activated rat platelets. The ELISA experiment indicated 

that the level of GPIIb/IIIa from AA-activated platelets treated 

with 0.1–100 nM Cu2+-FS was significantly lower than that 

from AA-activated platelets treated with NS (Figure 10C).  

The effect of 0.1 nM Cu2+-FS (the lowest effective concentra-

tion) on the activated platelets was quantitatively explained 
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Figure 7 In ph 6.7 aqueous solution, cu2+-Fs (0.015 nM) formed nanoparticles 
having surface pores of 4.2 nm in diameter.
Notes: (A) The nanoparticles were 13–57 nm in diameter, with pores on the locally 
enlarged surface. The scale bar represents 50 nm. (B) The nanoparticles were 26–90 nm  
in diameter, with pores on the  locally enlarged surface. The scale bar represents 
100 nm.
Abbreviation: cu2+-Fs, cu2+-Arg-Gly-Asp-Phe-Arg-Gly-Asp-Ser.
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Figure 8 In ph 7.4 buffer, cu2+-Fs formed nanoparticles having pores on their surfaces.
Notes: (A) The scale bar represents 50 nm. The nanoparticles (0.015 nM) were 64–244 nm in diameter, with the pores of 3.1 nm on the locally enlarged surface. (B) The 
scale bar represents 50 nm. The nanoparticles (0.015 nM) were 32–83 nm in diameter, with pores of 3.1 nm on the locally enlarged surface. (C) The scale bar represents 
100 nm. The nanoparticles were 21–116 nm in diameter, with pores of 4.2 nm on the locally enlarged surface. (D) The scale bar represents 100 nm. The nanoparticles were 
68–99 nm in diameter, with pores of 4.2 nm on the locally enlarged surface. (E) The scale bar represents 100 nm. The nanoparticles (1.5×102 nM) were 15–40 nm in diameter, 
with pores of 4.5 nm on the locally enlarged surface. (F) The scale bar represents 100 nm. The nanoparticles (1.5×102 nM) were 20–83 nm in diameter, with pores of  
4.9 nm on the locally enlarged surface. (G) The scale bar represents 100 nm. The nanoparticles (1.5×103 nM) were 15–88 nm in diameter, with pores of 5.0 nm on the locally 
enlarged surface. (H) The scale bar represents 100 nm. The nanoparticles (1.5×103 nM) were 36–152 nm in diameter, with pores of 5.3 nm on the locally enlarged surface. 
(I) The scale bar represents 100 nm. The nanoparticles (1.5×106 nM) were 59–135 nm in diameter, with pores of 8.3 nm on the locally enlarged surface. (J) The scale bar 
represents 100 nm. The nanoparticles (1.5×106 nM) were 26–100 nm in diameter, with pores of 8.7 nm on the locally enlarged surface. (K) The scale bar represents 100 nm. 
The nanoparticles (1.5×108 nM) were 32–100 nm in diameter, with pores of 9.0 nm on the locally enlarged surface. (L) The scale bar represents 100 nm. The nanoparticles 
(1.5×108 nM) were 36–112 nm in diameter, with pores of 10.0 nm on the locally enlarged surface.
Abbreviation: cu2+-Fs, cu2+-Arg-Gly-Asp-Phe-Arg-Gly-Asp-Ser.

Figure 9 aFM image of cu2+-Fs in rat plasma.
Notes: The nanoparticles were labeled with a blue arrow. (A) rat plasma alone, giving no comparable nanoparticles. (B) rat plasma with cu2+-Fs (10–2 M). The blue 
arrow indicates the nanoparticles of cu2+-Fs in plasma, of 39.3–78.1 nm in height and 234.4 nm in width. (C) Water with cu2+-Fs (10−2 M). The blue arrow indicates the 
nanoparticles, of 39.6–54.9 nm in height and 234.4–468.8 nm in width.
Abbreviations: AFM, atomic force microscopy; Cu2+-Fs, cu2+-Arg-Gly-Asp-Phe-Arg-Gly-Asp-Ser.
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by the P-selectin expression of AA-activated platelets 

(Figure 10D). The ELISA experiment indicated that the 

level of P-selectin (0.340±0.001 ng/mL) in AA-activated rat 

platelets treated with 0.1 nM Cu2+-FS was significantly lower 

than that (0.404±0.017 ng/mL) in AA-activated platelets 

treated with NS.

In vitro cu2+-FS effectively inhibits 
platelet aggregation
The interaction between the nanoparticles and the activated 

platelets resulted in the inhibition of platelet aggregation and 

was evidenced by the in vitro assay. The IC
50s

 of Cu2+-FS 

against the platelets activated by ADP, PAF, AA, and TH 

were 11.1, 6.2, 15.3, and 12.4 nM, respectively (Figure 11B),  

which were 70- to 145-fold lower than that of the RGD-

FRGDS-treated platelets (Figure 11A).

In vivo cu2+-FS effectively inhibits 
thrombus development in rats
The interaction between the nanoparticles and the activated 

platelets resulted in the inhibition of thrombosis and was 

evidenced by the in vivo thrombosis assay. The antithrom-

botic activity was represented by the thrombus weight.  

As seen in Figure 11C, at the 10.0, 1.0, and 0.1 nmol/kg 

doses, Cu2+-FS significantly lowered the thrombus weight in 

rats to a greater extent than did NS. The thrombus weight of 

the rats treated with Cu2+-FS gradually increased as the dos-

age was decreased from 10.0 nmol/kg to 1.0 nmol/kg and to  

0.1 nmol/kg (Figure 11C).

Downregulation of Il-8 expression
TH may stimulate multiple inflammatory cytokines, such as 

IL-6 and IL-8.30,31 A previous clinical study of 474 patients 
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Figure 10 Interaction of cu2+-Fs with rat platelets, gPIIb/IIIa expression, and P-selectin expression.
Notes: (A) seM image of aa-activated rat platelets with 200 nM cu2+-FS, wherein the nanoparticles on the surface of the platelet are indicated by the yellow arrowheads, 
while the nanoparticles in the process of endocytosis are indicated by the red arrowheads. (B) seM image of aa-activated rat platelets treated with Ns. (C) gPIIb/IIIa levels 
of aa-activated platelets treated with 0.1–100 nM cu2+-Fs. (D) P-selectin levels of aa-activated platelets treated with 0.1 nM cu2+-Fs.
Abbreviations: aa, arachidonic acid; cu2+-Fs, cu2+-Arg-Gly-Asp-Phe-Arg-Gly-Asp-Ser; GP, glycoprotein; NS, normal saline; SD, standard deviation; SEM, scanning electron 
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± ± 

Figure 11 In vitro and in vivo actions.
Notes: (A) Antiplatelet aggregation activity of RGDFRGDS in vitro. (B) Antiplatelet aggregation activity of Cu2+-Fs in vitro. (C) Dose-dependent antithrombotic activity of 
cu2+-Fs (n=12). (D) Il-8 level of the blood of rats treated with 10 nmol/kg cu2+-Fs (n=3). Thrombus weight is represented with the mean ± sD mg.
Abbreviations: aa, arachidonic acid; aDP, adenosine diphosphate; cu2+-Fs, cu2+-Arg-Gly-Asp-Phe-Arg-Gly-Asp-Ser;  IC50,  half  maximal  inhibitory  concentration; NS, 
normal saline; PAF, platelet-activating factor; RGDFRGDS, Arg-Gly-Asp-Phe-Arg-Gly-Asp-Ser; SD, standard deviation; TH, thrombin.

with recurrent venous thrombosis suggested that IL-8 was a 

risk factor.32 IL-8 level may play a causative role in venous 

thrombosis.33 The determination of IL-8 level after the 

induction of thrombus indicated that the thrombotic event 

could be associated with an increased IL-8 concentration.34,35 

The inhibitory effect of Cu2+-FS on brain inflammation was 

identified with IL-8. Figure 11D shows that the quantity 

of IL-8 in the blood of the 10 nmol/kg Cu2+-FS-treated 

“thrombosed” rats was significantly lower than that of the 

NS-treated thrombosed rats and was at the same level as that 

of the sham-treated rat. The finding suggests that 10 nmol/kg  

Cu2+-FS is able to block the development of inflammation 

in thrombotic rats.

Discussion
From dimer to nanoparticle mirroring 
the assembly course of Cu2+-Fs
The ion peak of the highest mass (1,981.5717) in the FT-MS 

spectrum belonged to the dimer, representing the basic form 

of Cu2+-FS in aqueous solution, and suggests that the forma-

tion of the dimers is the preliminary step of self-assembly 

of Cu2+-FS in aqueous solution. The TEM image visualized 

that the formation of nanoparticles was the final step of self-

assembly of Cu2+-FS in aqueous solution. Thus progression 

from the dimer to the nanoparticle could be the assembly 

course of Cu2+-FS in aqueous solution. The assembly course 

of Cu2+-FS in aqueous solution was simulated with the 
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mesoscale  simulation software-assisted calculation, to under-

stand that the smallest particle of 31 nm in diameter contained 

27 dimers. The stability and the size of the nanoparticles in the 

blood are of importance for their delivery in the circulation –  

AFM imaging confirmed that the nanoparticles of Cu2+-FS 

were stable in blood and have suitable size for their delivery 

in the circulation.

seM image evidencing the action model 
of cu2+-Fs with activated platelets
SEM images of the activated rat platelets before and after 

Cu2+-FS treatment showed successive events, ie, firstly the 

nanoparticles adhered onto the surfaces and then entered 

into the cytoplasm of the activated platelets. Thus, the 

SEM images visualized a two-step model for the inhibi-

tion of the event of the activated platelets by the Cu2+-FS 

nanoparticles. It is well known that two transmembrane 

receptors, GPIIb/IIIa and P-selectin, are responsible for 

platelet aggregation and that both membrane and the cyto-

plasm domains greatly affect the expression of GPIIb/IIIa  

and P-selectin.36,37 Thus via the two-step model, the nano-

particles of Cu2+-FS successively bind the membrane and 

cytoplasm domains and downregulate the expression of 

GPIIb/IIIa and P-selectin.

Quantitative monitoring of cu2+-Fs  
downregulation of gPIIb/IIIa and  
P-selectin
The ELISA experiment demonstrated that 0.1 nM Cu2+-FS-

induced downregulation of GPIIb/IIIa expression could be 

quantitatively monitored in AA-activated rat platelets. The 

significantly lowered level of expression, not only matched 

the activity of Cu2+-FS inhibition of GPIIb/IIIa activation 

but also, mirrored one of the action mechanisms of Cu2+-FS 

inhibition of platelet aggregation. Similarly, the ELISA 

experiment demonstrated that 0.1 nM Cu2+-FS induced 

downregulation of P-selectin expression in AA-activated rat 

platelets could be quantitatively monitored. The significantly 

lowered level of P-selectin, not only matched the activity of 

Cu2+-FS in inhibiting P-selectin activation but also, mirrored 

one of the action mechanisms of Cu2+-FS inhibition of platelet 

aggregation. Therefore Cu2+-FS inhibition of platelet aggre-

gation may be the result of downregulating both GPIIb/IIIa  

and P-selectin expression.

complexation of cu2+ with rgD-peptide 
and high antithrombotic activity
In inhibiting platelet aggregation, the IC

50
 values of Cu2+-FS 

were 70- to 145-fold lower than that of RGDFRGDS.  

In inhibiting thrombosis, the antithrombotic activity of 

Cu2+-FS was 5,000-fold higher than that of RGDFRGDS. 

The comparisons imply that the complexation of Cu2+ and 

RGD peptides greatly enhances the antithrombotic activ-

ity. As mentioned above, the Cu2+-FS complex formed 

nanoparticles that could effectively adhere onto the surface 

and enter into the cytoplasm of the activated platelets, and 

could be stably delivered in the blood circulation. Thus 

it could be the case that the assembly of the nanoscale 

Cu2+-FS complex dimers dramatically enhances the 

antiplatelet aggregation and antithrombotic activities of 

RGD-peptides.

Downregulation of Il-8 expression 
provided judgment of antithrombotic 
therapy
A biomarker capable of quantitatively evaluating the efficacy 

of antithrombotic therapy is of clinical importance. It has 

been known for over 20 years that TH-activated platelets 

can express more IL-8;38 however, no investigation has cor-

related blood IL-8 with antithrombotic therapy. The dose 

of 10 nmol/kg Cu2+-FS simultaneously led to the lower 

thrombus weight and lower blood IL-8 levels in the rats, 

correlating thrombus inhibition with the normalization of  

blood IL-8, and allowed the interpretation that blood level 

of IL-8 could be a useful parameter in judging the response 

of patients receiving antithrombotic therapy.

Conclusion
In contrast with the previous report,22 Cu(II)-4a, -4b, and -4c, 

Cu2+-FS possessed high antiplatelet activity in vitro and high 

antithrombotic activity in vivo, and as well, formed nano-

particles with surface pores of 4–9 nm in diameter. Further, 

the study results evidenced the formation of a Cu2+-FS 

dimer, predicted the theoretical process and structure of the 

nanoparticle formation, identified the activity of Cu2+-FS 

in downregulation of GPIIb/IIIa and P-selectin expression, 

and correlated the blood level of IL-8 with the formation of 

thrombus.
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