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A
spirin has enjoyed its medicinal pop-
ularity for over 110 years. The ther-
apeutic usage of aspirin in diverse

indications, such as acute inflammation and
pain,1,2 cardiovascular diseases,3�7 stroke,8,9

pregnancy complications,10,11 cancer,12�14

diabetes,15�18 and Alzheimer's disease,19,20

reflects its colorful achievements. However,
clinical trials have also exposed the limitations
of aspirin therapy. The major problem is im-
plicated in the resistance or nonresponse to
aspirin. Aspirin resistance and nonresponse
are defined as the incomplete inhibition of
platelet function of the patients treated with
aspirin, even though the patients with a
specific disease receive a clinically effective
dosage. This phenomenon severely decreases
the therapeutic efficacy of aspirin in the
treatment of various diseases including type
2 diabetes,15,21 asthma,22,23 cardiovascular
disease,24,25 stroke,26 coronary artery dis-
ease,27,28 and pediatric cardiac surgery.29 A

series of efforts have been made in order to
overcome the clinical shortcomings of aspi-
rin. For example, to increase the platelet
sensitivity of diabetes mellitus patients, ex-
cellent near-normal metabolic control was
clarified and the dosing schedules of aspirin
were altered;30 to increase the platelet sensi-
tivity of cardiovascular patients having
elevated plasma cholesterol, aspirin was
combined with an inhibitor of lipid pero-
xidation;31 to increase the platelet sensitivity
of cardiovascular patients at risk for second-
ary atherothrombosis, aspirin was combined
with a statin;32 to increase the sensitivity of
colon cancer, aspirin was covalently linked to
nontoxic well-defined 3-hydroxybutanoic
acid oligomers;33 to avoid aspirin intoler-
ance, patients were recommended to use
alternative drugs;34 and to enhance the safety
of oral aspirin challenge in patients with
aspirin-exacerbated respiratory disease, pre-
treatment with leukotriene-modified drugs
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ABSTRACT Resistance and nonresponse to aspirin dramatically decreases its

therapeutic efficacy. To overcome this issue, a small-molecule thrombus-targeting

drug delivery system, aspirin-Arg-Gly-Asp-Val (A-RGDV), is developed by covalently

linking Arg-Gly-Asp-Val tetrapeptide with aspirin. The 2D ROESY NMR and ESI-MS

spectra support a molecular model of an A-RGDV tetramer. Transmission electron

microscopy images suggest that the tetramer spontaneously assembles to

nanoparticles (ranging from 5 to 50 nm in diameter) in water. Scanning electron

microscopy images and atomic force microscopy images indicate that the smaller nanoparticles of A-RGDV further assemble to bigger particles that are

stable in rat blood. The delivery investigation implies that in rat blood A-RGDV is able to keep its molecular integrity, while in a thrombus it releases aspirin.

The in vitro antiplatelet aggregation assay suggests that A-RGDV selectively inhibits arachidonic acid induced platelet aggregation. The mechanisms of

action probably include releasing aspirin, modifying cyclic oxidase, and decreasing the expression of GPIIb/IIIa. The in vivo assay demonstrates that the

effective antithrombotic dose of A-RGDV is 16700-fold lower than the nonresponsive dose of aspirin.

KEYWORDS: aspirin . RGDV . nanomedicine . GPIIb/IIIa . cyclooxygenase . thrombus

A
RTIC

LE



JIN ET AL. VOL. 7 ’ NO. 9 ’ 7664–7673 ’ 2013

www.acsnano.org

7665

was recommended.35 In spite of some achievements
made by these efforts, resistance and nonresponse
remains the major obstacle for the utility of aspirin in
the treatment of various diseases including cardiovas-
cular diseases.
The RGD sequence is themotif of integrins recogniz-

ing collagen, fibronectin, vitronectin, laminin, mem-
bers of the immunoglobulin superfamily, and the
plasma proteins. The interaction of integrins with the
RGD sequence has been widely used to prepare drug
delivery systems. The efforts focusing on the adhering
property of the RGD sequence toward integrins re-
sulted in the development of biomaterials, such as the
amphiphilic block copolymer PCLAePEGePCLA,36 hy-
droxyapatite biomaterials,37 collagen tubes,38 covalent
conjugates containing a substrate that promotes cell
adhesion and cell spreading,39 and mussel adhesive
proteins.40 The efforts focusing on the targeting prop-
erty of the RGD sequence toward GPIIb/IIIa of activated
platelets led to the development of antithrombotic
agents, such as the RGD peptides covalently attached
to liposomes,41,42 modified RGD sequences,43 and the
epitope of apolipoprotein A.44

Aiming at avoiding resistance and nonresponse to
aspirin,22,23,45,46 this study tested a hypothesis that
RGDV covalently modified aspirin, aspirin-Arg-Gly-
Asp-Val (A-RGDV), should be stable in the circulation,
release aspirin in thrombi, and inhibit the formation of
thrombi.

RESULTS AND DISCUSSION

ROESY 2D NMR Spectrum Identifying the Intermolecular and
Intramolecular Interactions of A-RGDV. To know if intermo-
lecular and intramolecular interactions driving A-RGDV
form nanoparticles, the ROESY 2D NMR spectrum was

measured at 800 MHz in deuterated DMSO and is
shown in Figure 1, in which four cross-peaks are
labeled with red circles. Cross-peak 1 is the interaction
between the acetyl-CH3 of aspirin and the guanidine-H
of the arginine residue. This indicates that the guanidine-
H of the arginine residue and the O of the acetyl
group of the aspirin residue likely form a hydrogen
bond, thereby the aspirin-arginine moiety of A-RGDV
takes a ring-like conformation (see Figure 5). Cross-
peak 2 is for the H of the amide of the aspartic acid
residue and the H of the guanidino of the arginine
residue, cross-peak 3 is for the o-H of phenyl of aspirin
and the H of the amide of the aspartic acid residue, and
cross-peak 4 is for the H of the methyl groups of the
valine residue and the H of the β- and γ-CH2 of the side
chain of the arginine residue. These cross-peaks de-
monstrate that the distances between the phenyl of
one molecule and the peptide chain of another mole-
cule, as well as the distance between the peptide chain
of one molecule and the peptide chain of another
molecule, are <4 Å. The moieties being in close vicinity
reflect the stereochemical relationship of the molecules
of A-RGDV and suggest that intermolecular interactions
should be responsible for A-RGDV forming a molecular
aggregate.

ESI-MS Spectrum Supporting A-RGDV Existing as Tetramers.
The intermolecular interactions were further evi-
denced with an ESI-MS spectrum of A-RGDV in water
(Figure 2). The mass of 2261.45306 of the ion peak (in
the inset) equals themass of four molecules of A-RGDV
(565.11528 � 4 þ H) losing acetyl groups. This means
that in water A-RGDV exists as tetramers. The ESI-MS
spectrum also gives the ion peak of 1697.73621, which
equals themassof a trimerofA-RGDV (565.11528� 3þH)
losing acetyl groups, the ion peak of 1131.45904, which

Figure 1. ROESY 2D NMR spectrum and the four cross-peaks. Cross-peak 1 defines the conformation of A-RGDV, while cross-
peaks 2�4 define the intermolecular aggregation of A-RGDV.
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equals themassof adimerofA-RGDV (565.11528� 2þH)
losing acetyl groups, and the ionpeak of 566.11528, which
equals themassof amonomerofA-RGDV (565.11528þH)
losing an acetyl group. Of the ion peaks the dimer has the
highest ion peak. These ion peaks demonstrate that in the
ESI-MS condition the tetramer could be gradually split into
trimer, dimer, and monomer.

TEM and SEM Images of A-RGDV. The nanostructures of
A-RGDV in an aqueous solution of pH 7.2 and in the
solid state were observed with transmission electron
microscopy (TEM) and scanning electron microscopy
(SEM), respectively. In aqueous solution at pH 7.2
A-RGDV formed nanoparticles of 5�175 nm in dia-
meter, and the diameter of more than 90% of nano-
particles is less than 50 nm (Figure 3A). This is the

desirable diameter for nanoparticles to escape phago-
cytosis by macrophages, benefiting the delivery of
A-RGDV in the circulation.47 The solid form of A-RGDV
is an egg shaped particle, 2�14 μm in length. On the
surface of the egg labeled with a pink line some small
particles could be found, which implies that the eggs
are built of small particles (Figure 3B). SEM images
allow us to propose that in aqueous solution the eggs
can disperse and convert to nanoparticles having the
mentioned diameter.

AFM Images of A-RGDV in Rat Plasma. To determine the
nanofeatures of A-RGDV in the blood, AFM images in
rat plasma were obtained by using the standard meth-
od and are shown in Figure 4. As seen, the atomic force
microscopy (AFM) images of A-RGDV inwater and in rat
plasma are nanoparticles of∼50 nm in diameter, while
in the image of rat plasma alone no comparable
nanoparticle is observed. The observations suggest
that even in rat blood the nanoparticles of A-RGDV
are still stable and can be optionally delivered in the
circulation.

Course of A-RGDV Tetramers Forming Nanoparticles. To
identify the conformation of A-RGDV, computer-as-
sisted molecular modeling was performed. The sys-
tematic search method produced 30 conformations,
and the BEST method produced 195 conformations.
The 225 generated conformations were visually exam-
ined, and the conformation that matched cross-peak 1

Figure 3. TEM image of A-RGDV in an aqueous solution at pH 7.2 (A) and SEM image in the solid state (B).

Figure 2. ESI-MS spectrum of A-RGDV. The ion peak of the
A-RGDV tetramer (2261.45306) is labeled in the inset.

Figure 4. AFM image of A-RGDV in rat plasma. (A) In water A-RGDV exists as nanoparticles of ∼50 nm in diameter (denoted
with a red arrowhead). (B) In rat plasma alone no comparable nanoparticles are found, only platelets (denoted with a red
arrowhead). (C) In rat plasma A-RGDV exists as nanoparticles of ∼50 nm in diameter (denoted with a red arrowhead).
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of the 2D ROESY NMR spectrum (Figure 1) and had the
lowest free energy was selected (Figure 5A). To fulfill
the conformation requirements, the intermolecular
hydrogen bond interactions defined by cross-peaks
2�4 in the 2D ROESY NMR spectrum, and the ion peak
at 2260.63965 in the ESI-MS spectrum (Figure 2), four
molecules should be in the vicinity forming a tetramer
(Figure 5A). The mesoscale simulation software as-
sisted calculation shows that, employing the tetramer
as a building block, 24 tetramers can form a nanopar-
ticle of 5 nm in diameter (Figure 5B). Of the nanopar-
ticles in Figure 3 and Figure 5, the nanoparticle of 5 nm
in diameter is the smallest one. Therefore, the smallest
nanoparticle contains 24 tetramers.

A-RGDV Releases Aspirin inside a Thrombus. To determine
whether RGDV can act as the carrier of aspirin, the
change of A-RGDV in plasma and in a thrombus was
measured on an ESI-MS spectrometer, and the spectra
are given in Figure 6. Figure 6A2 indicates that the ESI-MS
spectrum of A-RGDV incubated in rat plasma for 30 min
gives themolecular ion peak of A-RGDV (606.23637) only,
but no ion peak (444.25338) of RGDV occurs. However, in
the ESI-MS spectrum (Figure 6A1) of the rat plasma
without A-RGDV (control) no comparable ion peak
appears. This indicates that in rat plasma incubated for

30 min A-RGDV does not release aspirin. Figure 6B2
indicates that when A-RGDV is incubated in a rat throm-
bus for 30 min, the ESI-MS spectrum gives ion peaks of
606.23637 (A-RGDV), 444.25338 (RGDV), 395.13477 (the
dimer of aspirin plus Cl�), and 606.23637 (A-RGDV). This
indicates that in the rat thrombus the 30 min incubation
drives A-RGDV to release aspirin. On the other hand, the
ESI-MSspectrum (Figure6B1) of the rat thrombuswithout
A-RGDV gives no comparable ion peak.

Interaction of A-RGDV and GPIIb/IIIa Resulted in the Release
of Aspirin. It is well known that the receptor of RGD
peptide on the surface of an activated platelet is
GPIIb/IIIa. To explore the effect of GPIIb/IIIa on
A-RGDV releasing aspirin, aqueous solutions of A-RGDV
(100 μg/mL, control), GPIIb/IIIa (0.4 μg/mL, control),
and A-RGDV (100 μg/mL) plus GPIIb/IIIa (0.4 μg/mL)
were incubated at 37 �C for 30 min, and the ESI-MS
spectra were measured (Figure 7). In the ESI-MS spec-
trum of GPIIb/IIIa (Figure 7A, MSþ) no ion peak related
to A-RGDV, RGDV, and aspirin is found. In the ESI-MS
spectrumof A-RGDVplus GPIIb/IIIa (Figure 7B,MS�) ion
peaks of 606.23637 (A-RGDV), 564.24836 (A-RGDV los-
ing an acetyl group, intensity = 6� 107), and 444.22655
(RGDV) are found. The existence of the ion peak of
RGDV indicates that the interaction of GPIIb/IIIa with
A-RGDV results in A-RGDV releasing aspirin. In the ESI-
MS spectrum of A-RGDV (Figure 7C, MS�) the ion peaks
of 606.23637 (A-RGDV) and 564.24782 (A-RGDV losing
an acetyl group, intensity = 6 � 108) are found. The
intensity of the ion peak of A-RGDV losing an acetyl
group in Figure 7B is 10-fold lower than that of the ion
peak in Figure 7C, and the decrease of A-RGDV in
amount could result from the hydrolyzation of A-RGDV
promoted by GPIIb/IIIa.

Figure 5. Proposedmodel of A-RGDV forming tetramers (A)
and thereby forming a nanoparticle (B).

Figure 6. ESI-MS spectra of A-RGDV incubated in rat plasma (A2) or in a thrombus (B2) for 30min. A1 and B1 are blank plasma
and thrombus, respectively.
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Interaction of A-RGDV and COX-1 Resulted in the Conversion
of an Acetyl Group. It is well known that cyclooxygenase-
1 (COX-1) is one of the key enzymes that promote
arachidonic acid (AA), yielding prostaglandin G2. To
explore the effect of COX-1 on the change of A-RGDV,
aqueous solutions of COX-1 (2.2 μg/mL, control),
A-RGDV (100 μg/mL, control), and A-RGDV (100 μg/mL)
plus COX-1 (2.2 μg/mL) were incubated at 37 �C for
30min, and the ESI-MS spectraweremeasured (Figure 8).
In the ESI-MS spectrum of COX-1 alone (Figure 8A, MS�)
no ion peak related to A-RGDV, RGDV, and aspirin is
found. In the ESI-MS spectrum of A-RGDV plus COX-1
(Figure 8B, MS�) only the ion peak of 564.24803 (A-
RGDV losing an acetyl group) is found, while in the ESI-
MS spectrum of A-RGDV alone (Figure 8C, MS�) the ion
peaks of 606.23637 (A-RGDV) and 564.24803 (A-RGDV
losing an acetyl group) are found. This suggests that
the interaction of A-RGDV and COX-1 results in the
disappearance of A-RGDV, and it may be attributed to
A-RGDV blocking COX-1. To evidence the blockage of
COX-1, the serum levels of rat thromboxane B2 (TXB2)
and 6-keto-PGF1R were measured according to the
manufacture's guidance using the rat thromboxane
B2 (TXB2) ELISA kit (HuaYi Biotechnology Co., Ltd.) and

the rat 6-keto-PGF1R ELISA kit (HuaYi Biotechnology
Co., Ltd.), respectively, and the data are also shown in
Figure 8 (D and E). A-RGDV significantly decreases the
serum levels of both TXB2 and 6-keto-PGF1R, support-
ing the blockage of COX-1-mediated AA metabolism.
The methods to determine TXB2 and 6-keto-PGF1R are
provided in the Supporting Information.

A-RGDV Selectively Inhibiting AA-Induced Antiplatelet Aggre-
gation. In the antiplatelet aggregation model the in vitro

activities of A-RGDV inhibiting adenosine diphosphate
(ADP)-, arachidonic acid (AA)-, and thrombin (TH)-
induced platelet aggregation were determined, and
the data are shown in Figure 9A. Even though 10�4 M
aspirin and RGDV did not inhibit TH- and AA-induced
platelet aggregation, the inhibitory capability of
A-RGDV against TH- and AA-induced platelet aggrega-
tion is 14.65% and 44.8%, respectively. This means that
in terms of TH- and AA-induced platelet aggregation
the activity of A-RGDV is higher than that of aspirin
and RGDV. The inhibition of 10�4 M aspirin, RGDV, and
A-RGDV against ADP-induced platelet aggregation is
24.3%, 44.6%, and 33.1%, respectively. This means that
for ADP-induced platelet aggregation the activity of
A-RGDV is less than that of RGDV. Of the three

Figure 7. ESI-MS spectra of GPIIb/IIIa inwater (A), A-RGDVplusGPIIb/IIIa inwater (B), andA-RGDV inwater (C). The incubation
was performed at 37 �C for 30 min.

Figure 8. ESI-MS spectra of COX-1 inwater (A), COX-1with A-RGDV inwater (B), and A-RGDV inwater (C), serum levels of TXB2
(D), and 6-keto-PGF1R (E). The incubation was performed at 37 �C for 30 min.
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aggregators, A-RGDV selectively inhibits AA-induced
platelet aggregation, and its activity is∼23-fold higher
than that of aspirin and RGDV.

To further explore the effect of the nanoparticles on
AA-induced platelet aggregation, the ESM images of
resting rat platelets and AA-activated rat platelets with
10�4 M A-RGDV were obtained and are shown in
Figure 9B and C. As seen in Figure 9B, in the resting
condition the surface image of a magnified rat platelet
is relatively smooth. In contrast, the surface images of
AA-activated rat platelet with pretreatment of A-RGDV
show a great deal of nanoparticles. One magnified
image labeled with yellow arrowheads shows that
numerous nanoparticles adhere on the surface. An-
other magnified image labeled with red arrowheads

shows that some of the nanoparticles are in the course
of endocytosis, and some of the nanoparticles are
inside the platelet membrane breach. These interac-
tions of A-RGDV and the activated plateletsmirrored by
ESM images should support A-RGDV inhibiting AA-
induced platelet aggregation.

In Vivo Antithrombotic Activity of A-RGDV. The in vivo

antithrombotic activities of aspirin (reference control,
16.7 and 167 μmol/kg doses), RGDV (reference control,
100 nmol/kg of dose), and A-RGDV (1, 0.1, and
0.01 nmol/kg doses) were evaluated on a rat model,
represented with thrombus weight, and the data are
shown in Figure 10A. At a 16.7 μmol/kg dose, aspirin
exhibits no antithrombotic action. At a 100 nmol/kg
dose, RGDV also does not inhibit the rats from forming

Figure 9. Inhibition ratio of 10�4 MA-RGDV, ASA (aspirin), and RGDV against ADP-, AA-, and TH-induced platelet aggregation
(A), ESM image of resting rat platelets (B), and ESM image of AA-activated rat platelets with A-RGDV (10�4 M, C). The data are
represented as mean( SD%, n = 6. In themagnified image the yellow arrowheads point to the nanoparticles adhered on the
surface of the activated platelet, and the red arrowheads point to nanoparticles in the course of endocytosis.

Figure 10. Dose-dependent antithrombotic activity (A, n = 12) and time-dependent antithrombotic activity (B, n = 5) of
A-RGDV. Thrombus weight of the treated rat is represented as the mean ( SD mg, NS = normal saline.
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thrombi. However, at doses of 0.1 and 1 nmol/kg,
A-RGDV effectively inhibits thrombosis in the treated
rats, and the antithrombotic activity increases in a
dose-dependent manner. The comparison of the non-
responsive dose of aspirin (16.7 μmol/kg) and one of
the effective doses of A-RGDV (0.1 nmol/kg) indicates
that the efficacy of A-RGDV is 16 700-fold higher than
that of aspirin. The extraordinarily high inhibition could
result from A-RGDV targeting the activated platelets,
releasing aspirin to activated platelets, and conse-
quently blocking thrombus formation.

In order to explore how long A-RGDV is capable of
maintaining a sustained effect, the in vivo time-dependent
antithrombotic activities of 1 nmol/kg of A-RGDV were
assayed on the same model, the thrombus weights of
the rats 0.5, 1, 2, 4, and 6 h after administration were
weighed, and the results are shown in Figure 10B.
The data indicate that at a 1 nmol/kg oral dose
A-RGDV effectively inhibits thrombus formation in
treated rats. With the dosing time prolonged from 0.5 to
6 h the activity steadily decreases, and 6 h after adminis-
trationA-RGDVno longerpossesses antithrombotic action.

These characterize the time dependence of the in vivo

action of A-RGDV and give a 1 nmol/kg dose of oral
A-RGDV a 4 h effective time in vivo. In the same conditions
the effective time of 167 μmol/kg of aspirinwas only 0.5 h.

Effect of A-RGDV on GPIIb/IIIa Expression. To clarify the
effect of RGDV on the interaction of A-RGDV with the
receptor GPIIb/IIIa, the expression levels of GPIIb/IIIa of
RGDV- and A-RGDV-treated platelets were examined
with ELISA experiments, and the data are shown in
Figure 11. As seen, at a 0.4 mM concentration both
RGDV and A-RGDV significantly inhibit the expression
of GPIIb/IIIa. On the other hand, the inhibition activity
of A-RGDV is significantly higher than that of RGDV. The
comparisons mean that GPIIb/IIIa is the receptor of
both RGDV and A-RGDV, and the conjugation of aspirin
and RGDV significantly enhances the interaction of
RGDV with GPIIb/IIIa.

CONCLUSIONS

In contrast to the nanoparticles that consisted of
macromolecules such as biomaterials, engineered ma-
terials, and pharmaceutical materials,48�51 the present
nanoparticles consisted of a small-molecule, aspirin-
linked tetrapeptide. In normal blood vessels the nano-
particles were optionally delivered in the blood with-
out interfering with the integrated nanostructure and
molecular structure. If the vascular endothelium is
injured and the platelets are activated, the nanoparticles
will target the injured site, interact with the activated
platelets, bind the receptor GPIIb/IIIa, release aspirin, and
block the conversion of AA into PGG2. Thereby, A-RGDV
functions as a delivery system of aspirin, and RGDV
functions as the target carrier of aspirin andmiraculously
increases the efficacy of aspirin in inhibiting thrombosis.
Thus, the present paper provided a strategy of RGD
peptide carrying aspirin to the thrombus, releasing aspi-
rin inside the thrombus, and finally avoiding aspirin
resistance and nonresponse.

MATERIALS AND METHODS
1H NMR spectra were recorded on a Bruker 800 MHz spectro-

meter with DMSO-d6 or CDCl3 as the solvent and tetramethylsi-
lane as an internal standard. ESI-MS was tested on a ZQ 2000
(Waters, US) and a SolariX FT-ICR mass spectrometer (Bruker
Daltonik) consisting of an ESI/MALDI dual ion source and 9.4 T
superconductive magnet.
Male Wister rats were purchased from Animal Center of

Peking University. The described assessments were performed
based on a protocol reviewed and approved by the ethics
committee of Capital Medical University. The committee as-
sures that the welfare of the rats was maintained in accordance
with the requirements of the animal welfare act and in accor-
dancewith the guide for care and use of laboratory animals. The
statistical analysis of all the biological data was carried out by
use of an ANOVA test with p < 0.05 as significant cutoff.
Protective amino acids with L-configuration were purchased

fromSigmaChemical Co. COX-1 andGPIIb/IIIa (analytically pure)
were purchased from Sigma-Aldrich Co. (LLC) and Cusabio
Biotech Co. (Ltd), respectively. Sodium citrate (analytically pure)

was purchased from Beijing Chemical Factory, and acetonitrile
(spectroscopically pure) was purchased from Thermo Fisher
Scientific Inc.

Synthesis. As indicated in Scheme 1 of the Supporting
Information, A-RGDV was prepared from aspirin and the corre-
sponding protective amino acids. In brief, the partial protective
RGDV, i.e., Arg(NO2)-Gly-Asp-(OBzl)-Val-OBzl (1), was prepared by a
solution method and a “2 þ 2” strategy. Under the general condi-
tions aspirin was coupled with 1 to give N-(2-acetyloxybenzoyl)-
Arg((NO2)-Gly-Asp(OBzl)-Val-OBzl (2). The hydrogenation of 2 pro-
vided N-(2-acetyloxybenzoyl)-Arg-Gly-Asp-Val (A-RGDV). The total
yield was 12%. The procedure and the yield of each reaction, as well
as the physical and chemical data of all intermediates and products,
are provided as Supporting Information.

3D Structure Generation and Aggregation Model. The 2D structure
of A-RGDV was sketched with ChemDraw Ultra 10.0. The 3D
structure was created and energyminimized until theminimum
rms reached 0.001 in Chem3D Ultra 10.0. Then the 3D structure
was energyminimizedwith Discovery Studio 2.1 with theMMFF
force field. The energy-minimized conformation was utilized as

Figure 11. Effects of RGDV and A-RGDV on the expression
of GPIIb/IIIa. The concentration of RGDV and A-RGDV is
0.4 mM. Data are represented as mean( SD ng mL�1, NS =
normal saline, n = 4.
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the starting conformation for conformation generation of
A-RGDV. The energy-minimized conformations were sampled
in the whole conformational space via a systematic search
method and the BEST method in Discovery Studio 2.1. Both
the systematic search and BEST methods were performed with
the SMART minimizer using the CHARMM force field. The energy
threshold was set to 20 kcal/mol at 300 K. The maximum mini-
mization steps was set to 200, and the minimization of the rms
gradient was set to 0.1 Å. Themaximumgenerated conformations
were set to 255 with an rmsd cutoff of 0.2 Å. According to the 3D
structure and the intermolecular interactions identified with the
ROESY 2DNMR spectrumand the ESI-MS spectrumof A-RGDV, the
present aggregation model was proposed.

Maldi-Mass Test. The ESI mass spectrum was acquired using a
SolariX FT-ICR mass spectrometer (Bruker Daltonics) consisting
of an ESI/MALDI dual ion source and 9.4 T superconductive
magnet. The measurement was carried out in the positive
Maldi ion mode. A smartbeam-II laser (wavelength, 355 nm;
focus setting, medium; repetition rate, 1000 Hz) was used as
the ion source. qCID mass was set to 2260.63956 m/z, and
the isolation window was 5 m/z. Data were acquired using
SolariXcontrol software. Spectral data were processed with
DataAnalysis software (Bruker Daltonics).

TEM Test. The shape and size examinations of the nanospe-
cies of A-RGDV were performed on a transmission electron
microscope (JSM-6360 LV, JEOL, Tokyo, Japan). An aqueous
solution of pH 7.2 of A-RGDV was dripped onto a Formvar-
coated copper grid, and then a drop of anhydrous ethanol was
added to promote water removal. The grid was first allowed to
thoroughly dry in air and was then heated at 35 �C for 24 h. The
samples were viewed under the TEM. The shape and size
distribution of the nanospecies were determined from counting
over 100 species in randomly selected regions on the TEM
copper grid. All the determinations were carried out in triplicate
grids. The TEM was operated at 80 kV, electron beam accelerat-
ing voltage. Images were recorded on an imaging plate (Gatan
Bioscan Camera model 1792) with 20 eV energy windows at
6000�400 000� and were digitally enlarged.

SEM Test. The shape and size of the nanospecies of the
lyophilizing powders of a solution of A-RGDV in ultrapure water
(1.2 mM) were measured on a scanning electron microscope
(SEM, JEM-1230, JEOL, Tokyo, Japan) at 50 kV. The lyophilizing
powders were attached to a copper plate via double-sided tape
(Euromedex, France). The specimens were coated with 20 nmof
gold�palladium using a JEOL JFC-1600 Auto Fine Coater. The
coater was operated at 15 kV, 30 mA, and 200 mTorr (argon) for
60 s. The shape and size distribution of the nanoparticles were
measured by counting over 100 particles in randomly selected
regions on the SEMalloy. All themeasurementswere performed
in triplicate grids. The images were recorded on an imaging
plate (Gatan Bioscan Camera model 1792) with 20 eV energy
windows at 100�10 000� and were digitally enlarged.

AFM Test. Atomic forcemicroscopy imageswere obtained by
using the contact mode on a Nanoscope 3D AFM (Veeco
Metrology, Santa Barbara, CA, USA) under ambient conditions.
Samples of A-RGDV in water or in rat plasma (8.0 � 10�7 M at
pH 7.2) were used for recording the images.

In Vitro Antiplatelet Aggregation Assay. An H-10 cell counter was
used to determine the platelet count, and a two-channel
Chronolog Aggregometer was used to evaluate platelet aggre-
gation. After collection, the pig blood was centrifuged at 100g
for 10min, and the platelet-rich plasma (PRP) was removed. The
remaining blood was centrifuged for an additional 10 min at
1500g to prepare platelet-poor plasma (PPP). The final platelet
count of the citrated plasma samples was adjusted to 2 � 108

platelets/mL with autologous PPP. To an optical aggregometry
testing tube were added 0.5 mL of the adjusted plasma sample
and 5μL of NS or 5μL of the solution of A-RGDV, RGDV, or aspirin
in NS. After adjustment of the baseline, 5 μL of the solution of
adenosine diphosphate in NS (final concentration 10 μM), 5 μL
of the solution of arachidonic acid in NS (final concentration
350 μM), or 50 μL of the solution of thrombin in NS (final
concentration 0.1 U/mL) was added, and aggregation was
measured at 37 �C for 5 min. The effects of A-RGDV, RGDV, or
aspirin (final concentration 10�4M) on ADP-, AA-, or TH-induced

platelet aggregation were observed. The maximal rate of plate-
let aggregation (Am%) was represented by the peak height of
the aggregation curve. The inhibition rate was calculated by %
inhibition = [(Am% of NS, 50.00 ( 3.21%) � (Am% of A-RGDV)]/
(Am% of NS, 50.00 ( 3.21%).

In Vivo Antithrombotic Assay. Aspirin (positive control) and
A-RGDV were dissolved in NS (vehicle) before the administra-
tion and kept in an ice bath for use. Male Wistar rats (12 for each
group) weighing 255�302 g were anesthetized with pentobar-
bital sodium (80.0 mg/kg, ip), and the right carotid artery and
left jugular vein were separated. A weighed 6 cm thread was
inserted into the middle of a polyethylene tube. The polyeth-
ylene tube was filled with a solution of heparin sodium in NS
(50 IU/mL), andone endwas inserted into the left jugular vein. From
the other end of the polyethylene tube the solution of heparin
sodium inNSwas injected as the anticoagulant; thenNS alone, a
solution of A-RGDV in NS, or a solution of aspirin in NS was
injected, and this end was inserted into the right carotid artery.
The blood was allowed to flow from the right carotid artery to
the left jugular vein through the polyethylene tube for 15 min.
The thread was removed to obtain the weight of the wet
thrombus. The statistical analysis of the data was carried out
by use of an ANOVA statistical test. The significant differences
were determined using a p-value of less than 0.05 (p < 0.05).

GPIIb/IIIa Levels of A-RGDV-Treated Platelets. GPIIb/IIIa levels of
the platelets weremeasured on citrated rat blood samples by an
enzyme immunoassay according to the manufacturer's instruc-
tions (rat platelet membrane glycoprotein ELISA kit, RAPIDBIO
Co., USA). Rat blood was collected in an aqueous solution of
3.8% sodium citrate (1:9, v/v) and immediately centrifuged at
160g for 15 min to collect platelet-rich plasma. To 600 μL of PRP
was added 5400 μL of the diluent (from the kit) to prepare the
PRP sample. A-RGDV or RGDVwas dissolved inNS to prepare the
A-RGDV or RGDV solution (0.4mM). To 960 μL of the PRP sample
was added 20 μL of A-RGDV or RGDV solution (0.4 mM), and the
reaction mixture incubated at 37 �C for 5 min, to which 20 μL of
AA in NS (0.15 mg/mL) was added. The reaction mixture was
then incubated at 37 �C for 3min. This is the test sample, i.e., the
A-RGDV- or RGDV-treated PRP sample. To 960 μL of the PRP
sample was added 20 μL of NS, and the mixture was incubated
at 37 �C for 5 min, to which 20 μL of AA in NS (0.15 mg/mL) was
added. The reaction mixture was then incubated at 37 �C for
another 3 min. This is the blank control sample, i.e., the NS-
treated PRP sample. To the control well and the test well in the
96-well plate coated with the enzyme were added 50 μL of the
NS-treated PRP sample and 50 μL of the A-RGDV- or RGDV-
treated PRP sample, respectively. At 37 �C the plate was
incubated for 30 min. Upon the removal of the solvent, the
wells werewashedwithwashing solution (from the kit, 300 μL�
5). To the control well was added 50 μL of NS, to the testwell was
added 50 μL of enzyme labeling solution (from the kit), and the
platewas incubated at 37 �C for 30min. Upon the removal of the
solvent, the wells were washed with washing solution (from the
kit, 300 μL � 5). To each well were successively added 50 μL of
chromogen solution A and 50 μL of chromogen solution B (from
the kit), the solution was gently mixed and colored at 37 �C and
protected from light for 15min. To eachwell was added 50 μL of
the stop solution (from the kit) to stop the coloration for 10min.
At 450 nm the OD value of each well was tested and the GPIIb/
IIIb level was calculated according to the standard samples
(from the kit). The samples could also be kept at �20 �C for no
more than 10 days before analysis.25,26

Metabolism in Blood and Thrombus. The orbit blood of rat was
sampled with or without an aqueous solution of sodium citrate
(3.8%). To 200 μL of the blood samples or 200 μL of distilled
water was added 50 μL of an aqueous solution of A-RGDV
(3 μM). After the coagulation of the blood without an aqueous
solution of sodium citrate the samples were incubated at 37 �C
for 15 or 30 min. The blood and the water samples were
centrifuged for 10 min (10 000 rpm), and then 10 μL of the
supernatant was taken for the ESI-MS experiment. The throm-
bus from the blood without the aqueous solution of sodium
citrate was ground and centrifuged for 10min (10 000 rpm), and
then 10 μL of the supernatant was taken for the ESI-MS
experiment.
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Interaction of A-RGDV and GPIIb/IIIa. The aqueous solution
of GPIIb/IIIa alone (200 μL, 0.4 μg/mL), A-RGDV alone (200 μL,
100 μg/mL), or the thoroughly mixed aqueous solution of
A-RGDV (200 μL,100 μg/mL) and GPIIb/IIIa (200 μL, 0.4 μg/mL)
was incubated at 37 �C for 30 min. Then 10 μL of the solution was
used for the ESI-MSmeasurement (dry gas, 4 L/min; nebulizer gas,
0.5 bar; capillary, 4000 V; end plate offset,�500 V).

Interaction of A-RGDV and COX-1. The aqueous solution of COX-1
alone (200 μL, 2.2 μg/mL), A-RGDV alone (200 μL, 100 μg/mL),
or the thoroughly mixed aqueous solution of A-RGDV (200 μL,
100 μg/mL) and COX-1 (200 μL, 2.2 μg/mL) was incubated at
37 �C for 30 min. Then 10 μL of the solution was used for the
ESI-MS measurement (dry gas, 4 L/min; nebulizer gas, 0.5 bar;
capillary, 4000 V; end plate offset, �500 V).
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