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Background: In vitro (1R,3S)-1-methyl-1,2,3,4-tetrahydro-B-carboline-3-carboxyl-Lys(Pro-
Ala-Lys)-Arg-Gly-Asp-Val (MTCA-KKV) adheres activated platelets, targets P-selectin and
GPIIb/IIa. This led to the development of MTCA-KKYV as thrombus targeting nano-medicine.
Methods: MTCA-KKYV was characterized by nano-feature, anti-thrombotic activity, throm-
bolytic activity, thrombus target and targeting release.

Results: In vivo 0.01 pmol/kg of MTCA-KKYV formed nano-particles less than 100 nm in
diameter, targeted thrombus, released anti-thrombotic and thrombolytic pharmacophores,
prevented thrombosis and dissolved blood clots.

Conclusion: Based on the profiles of targeting thrombus, targeting release, inhibiting
thrombosis and dissolving blood clots MTCA-KKYV is a promising nano-medicine.
Keywords: nano-particles, anti-thrombotic, thrombolytic, targeting, release

Introduction

Coronary embolism, deep venous embolism, acute pulmonary embolism, arterial
embolism and cerebral vascular embolism are the leading cause of major ischemic
diseases.'* For platelets, the activation,>* adhesion,”® release of granule contents,”
response to multiple agonists'® 2" and aggregation®'*? are involved in the pathogenesis

of embolism. The platelets of patients with heart diseases of myocardial ischemia®2¢

27-30

and ischemic stroke usually have higher reactivity. The anti-platelet therapy can

decrease platelet reactivity and offer a desirable approach to prevent thrombosis.>'°
However, the major bleeding events, such as intracranial hemorrhage, gastrointestinal
bleeding and the recurrent ischemic events greatly attenuate the clinical outcomes of
anti-platelet therapy.®* > This led to the reports of the agents, including circulatory-cell
-mediated nanotherapeutics,®® platelet aggregation inhibitor,** microparticle-inspired
clot-responsive nanomedicine,*' liposomal nanocarriers for plasminogen activators,**
deﬁbrotide,43 harmaline,44 B-carboline-3—carboxamide,45 manzamine A*® and amino

acids/peptides conjugated heterocycles.*’ As the special strategies, the peptide,*™*” th

e
integration of multiple gene-based biotechnology®® and silica glass nanofiber-based
nanotechnology”' were developed. Among those special strategies (1R,3S)-1-methyl-
1,2,3,4-tetrahydro-f-carboline-3-carboxyl-Lys(Pro-Ala-Lys)-Arg-Gly-Asp-Val

(MTCA-KKYV) was designed to adhere the activated platelets, to target P-selectin and
GPIIb/Ila, and to inhibit platelet aggregation in vitro.”> However, the therapeutic

potency of MTCA-KKYV in vivo remains unknown. The possibility of MTCA-KKV
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to form nano-species, to act on platelet, to target thrombus
and thereby to affect on the therapeutic potency led to the
nano-image visualization, the in vivo anti-thrombotic and
thrombolytic evaluations, the thrombus target examination
and the targeting release discussion been presented in this

paper.

Materials and methods

Chemicals and equipments

All chemicals and solvents for this investigation were
commercially available and used without further purifica-
tion, unless otherwise specified. On Bruker Avance I11-800
spectrometer, '"H NMR (800 MHz) and '>C NMR (200
MHz) spectra were recorded. For all NMR measurements,
DMSO-ds was the solvent and tetramethylsilane was the
internal standard. ESI/MS was tested on Fourier transform
ion cyclotron resonance (FT-ICR, 9.4T solariX, Bruker,
USA), and dual ion source of ESI/matrix-assisted laser
desorption ionization was used.

Animal and ethics

Male Sprague-Dawley rats were purchased from the
Laboratory Animal Center of Capital Medical University.
All evaluations were based on the protocol reviewed and
approved by Ethics Committee of Capital Medical
University. Committee ensured that the welfare of the rats
was in accordance to the requirements of Animal Welfare
Act and NIH Guide for Care and Use of Laboratory
Animals. All biological data were statistically analyzed by
use of ANOVA, and LSD was for multiple group

CHs EH o
v 0]
| OCH,CH N »
Ny CH,CHO H:
H = 3 CH
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ii L-Trp-OBzI
o)
| OH
N NH
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comparison. Data statistics was performed with SPSS 19.0
program and P<0.05 was considered statistical significance.

MTCA-KKYV and HPLC purity

According to the literature, in an environment-friendly con-
dition, MTCA-KKYV was prepared by coupling MTCA and
Lys(Pro-Ala-Lys)-Arg-Gly-Asp-Val (Figure 1).°% The yields
of the former and the latter were 48% and 15%, respec-
tively. The HPLC purity of MTCA-KKV was more
than 98%.

Assembly of MTCA-KKV

Energy-minimized conformation

By use of Chem Office 10.0, the structure of MTCA-KKV
was converted to conformation; in MM2 force field, the
energy minimization was performed and the minimum
RMS was 0.001. The systematic search and BEST methods
of Discovery Studio 3.5 were used to sample the energy-
optimized conformations of MTCA-KKYV, while the
SMART minimizer was used to sample the conformation.
The sampling parameters including energy threshold of 20
kcal/mol, 300 K, 200-minimization steps and 0.1 A gradient
of minimization root mean squared (RMS) were set to
CHARMmMm force field. With an RMS deviation (RMSD)
cutoff of 0.2 A maximum 255 conformations were gener-
ated. From those conformations, the lowest energy confor-
mation was selected to perform the related investigations.

Recording FT-ICR-MS spectrum
FT-ICR-MS spectrum of MTCA-KKV was recorded in
positive electrospray ionization (ESI) mode. The qCID

O
WOCWCGHS i
N~ N-B - N Boc + Lys[Boc-Pro-Ala-Lys(Cbz)]-Arg(NO,)-Gly-Asp(OBzl)-Val-OBzl
: Ny
: Lys[Boc-Pro-AIa Lys(Cbz)] -Arg(NO,)-Gly-Asp(OBzl)-Val-OBzl

| Lys(Boc—Pro -Ala-Lys)-Arg-Gly-Asp-Val

J

Oll

: | Lys(Pro-Ala-Lys)-Arg-Gly-Asp-Val

C 3 MTCA-KKV

Figure | Preparation of MTCA-KKYV. (i) DCC, HOBt, NMM and THF; (ii) H,, Pd/C and CH;OH; (iii) hydrogen chloride in ethyl acetate (4 M); (iv) H,SO4 (5 M), 60°C; (v)

DMF, (Boc),O and trimethylamine.

Abbreviations: DCC, dicyclohexylcarbodiimide; HOBt, N-hydroxybenzotriazole; NMM, N-methylmorpholine; THF, tetrahydrofuran; (Boc),O, ditertbutyl dicarbonate;
DMF, NN-dimethylformide; MTCA, (IR,3S)-1-methyl-1,2,3,4-tetrahydro-B-carboline-3-carboxylic acid; MTCA-KKYV, (IR,3S)-1-methyl-1,2,3,4-tetrahydro--carboline-3-car-

boxyl-Lys(Pro-Ala-Lys)-Arg-Gly-Asp-Val.
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spectrum of 2,185.45423 m/z was measured and isolated
in a window of 5 mass units. To analyze the spectral data,
Software solariX and Bruker Daltonics Data Analysis
were used.

Recording NOESY 2DNMR spectrum

On Bruker Avancelll 800 MHz spectrometer, '"H NMR
of MTCA-KKV were 18.8
T equipped a CPQCI cryoprobe of 5 mm. The signals
were observed and recorded at 800.25 MHz and 303 K,
respectively. In 16 scans, the spectral width, data points,

spectra recorded at

pulse width, relaxation delay and acquisition time were
16,447 Hz, 65,536, 8.78 pus, 1.0 s and 2 s, respectively. To
enhance the sensitivity before Fourier Transforms, the
spectrum was processed, accurately phased and baseline
adjusted by applying an exponential line broadening of 0.3
Hz. By using a phase-sensitive mode having 512 points in
F1 direction and 2,048 points in F2 direction, NOESY
2DNMR spectrum of MTCA-KKV was tested. In 12
scans of NOESY 2D NMR spectrum test, the relaxation
delay was 2 s and the mixing time value was 0.30 s.

Testing particle size and zeta potential

On particle size analyzer (Nano-ZS90; Malvern Instruments
Ltd, Malvern, UK) and Zeta Potential Plus Analyzer
(Brookhaven Instruments Corp, Holtsville, NY, USA), the
nano-property of MTCA-KKYV in ultrapure water (pH 6.7,
pH 2.0, 0.1 uM) was characterized by Tyndall effect, particle
size and zeta potential. These were characterized at 25°C for 7
days (each 3 times) to reveal the effect of time on particle size
and to show the application prospect of the nano-solution.

Mesoscale simulation of MTCA-KKV

forming nano-particle

With ChemDraw Ultra 10.0 (Cambridge Soft) and Materials
Studio 3.2 (Accelrys, Inc., USA), the structure and confor-
mation of MTCA-KKV were generated, and then the con-
formation was entirely optimized with MS force module. To
optimize the geometry, the maximum energy convergence
and the maximum force were 2x10> kcal/mol and 0.001
kcal/mol/A, respectively. At 500 K with NVT ensemble, the
molecular dynamic simulation was performed till the equili-
bration was reached. With MS Dmol® module, the equilibra-
tion structure was further optimized to build a rigid coarse
grain model of 4 connected spherical beads. This 4-spherical-
bead model was randomly distributed (density: 0.15 g/cm®)
in a cubic box of 200x200x200 A*. At 298 K with NVT
ensemble, a simulation of 15,000 ps was performed.

Visualizing the nano-image of MTCA-KKV
Visualizing TEM image

The shape and size of the nanoparticles of MTCA-KKYV were
visualized on transmission electron microscopy (TEM, JEM-
2100, JEOL, Tokyo, Japan). For this purpose, the solution
(10 uM, 0.1 pM and 1 nM) of MTCA-KKYV in ultrapure
water of pH 6.8 was dripped onto a formvar-coated copper
grid. This grid was air-dried, heated at 37°C for 14 days and
observed under TEM to identify the shape and size of the
This
a randomly selected region with more than 100 species. To
record 6,000-400,000% digitally enlarged TEM images an
1792,
Pleasanton, CA, USA) with 20 eV energy windows was

nanoparticles. observation was carried out in

imaging plate (Gatan Bioscan Camera Model

used. Each sample was tested with triplicate grids and the
electron beam accelerating voltage was 80 kV.

Visualizing SEM image

The shape and size of the nanoparticles of MTCA-KKV were
visualized on scanning electron microscopy (SEM, S-4800,
Hitachi, Tokyo, Japan) at 50 kV. For this purpose, the solution
(10 uM, 0.1 uM and 1 nM) of MTCA-KKYV in the ultrapure
water of pH 6.8 was lyophilized and the powders were
attached to the copper plate with double-sided tape
(Euromedex, Strasbourg, France). Using Joel JFC-1600 Auto
Fine Coater (JEOL, Japan) at 15 kV, 30 mA and 200 mTorr
(argon) for 60 s the specimens were coated with 20 nm gold-
palladium. The feature and size of the nanoparticles were
identified by examining more than 100 species in randomly
selected region on the SEM alloy. For each sample, triplicate
grids were prepared and examined. To record 100—10,000%
digitally enlarged SEM images, an imaging plate (Gatan
Bioscan Camera Model 1792, Pleasanton, CA, USA) was
used, and the energy window was 20 eV.

Visualizing AFM image

The shape and size of the nanoparticles of the atomic force
microscopy (AFM) images of the solution of MTCA-KKV
in rat plasma (10 pM, 0.1 pM and 1 nM) were visualized on
a Nanoscope 3D AFM (Veeco Metrology, Santa Barbara,
CA, USA) in ambient condition by using a contact mode.

Measuring the interactions of
MTCA-KKYV with P-selectin and GPIIb/llla
in vitro

To show the binding of MTCA-KKYV on P-selectin and

GPIIb/IIIa, the UV and circular dichroism (CD) spectra of
them were measured. Briefly, over 250-500 nm of
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wavelength the UV spectra of the solution of MTCA-KKV
alone (0.1 nM, in pH 6.7 ultrapure water) and plus
P-selectin (8 pg/mL, 16 pg/mL and 32 pg/mL from Rat
P-selectin ELISA KIT, Shanghai MLBIO Biotechnology
Co. Ltd, China) or GPIIb/IIla (200 U/mL, 400 U/mL and
800 U/mL from Rat GPIIb/Illa ELISA KIT, Shanghai
MLBIO Biotechnology Co. Ltd, China) were measured
to show the change in wavelength and intensity of the
maximum absorption. Similarly, over 180-350 nm of
wavelength the CD spectra of P-selectin (32 pg/mL from
Rat  P-selectin ELISA KIT, Shanghai MLBIO
Biotechnology Co. Ltd, China) alone or GPIIb/IlIa (800
U/mL from Rat GPIIb/Illa ELISA KIT, Shanghai MLBIO
Biotechnology Co. Ltd, China) alone and P-selectin (32
pg/mL) plus MTCA-KKV (0.05 nM, 0.10 nM and 0.20
nM in pH 6.7 ultrapure water) or GPIIb/IIla (800 U/mL)
plus MTCA-KKYV (0.05 nM, 0.10 nM and 0.20 nM in pH
6.7 ultrapure water) were measured to show the change in
wavelength and intensity of both positive and negative
dichroic bands.

Visualizing the interactions of
MTCA-KKYV with platelet, erythrocyte

and leucocyte in vitro

To know whether MTCA-KKV can adhere rat platelets,
erythrocytes and leucocytes, the AFM images of resting
platelets, erythrocytes and leucocytes without MTCA-
KKV as well as the AFM images of resting platelets,
erythrocytes and leucocytes plus MTCA-KKV (0.1 nM, in
pH 6.7 ultrapure water) were visualized. For this purpose,
the blood of healthy rat was sampled to separate resting
platelets, erythrocytes and leucocytes by using a standard
procedure. Briefly, rat blood containing 3.8% sodium citrate
(citrate/blood =1/9,v/v) was centrifuged at 1,000 rpm for 10
mins to get platelet-rich plasma (PRP). Then, PRP was
centrifuged at 3,000 rpm for an additional 10 mins to collect
platelets. The erythrocytes and the leucocytes were isolated
by following the guidance of erythrocyte and leucocyte cell
separation medium kit (Solarbio, Beijing, China). AFM
images were visualized on a Nanoscope 3D atomic force
microscopy (AFM, Veeco Metrology, Santa Barbara, CA,
USA) in ambient condition by using a contact mode.

Bioassays

Rat arterial thrombosis assay in vivo

On arterial-venous shunt-silk thread model of male
(220£20 g) the anti-arterial

Sprague—Dawley rats

thrombosis activity of MTCA-KKV was evaluated. In
brief, rats were randomly divided into groups (each 12
rats) and orally treated with NS (3 mL/kg) or MTCA (1
umol/kg) or MTCA-KKV (0.001 pumol/kg, 0.01 pmol/kg
and 0.1 pmol/kg) or aspirin (167 umol/kg). Thirty minutes
after the treatment, the rats were anesthetized with sodium
pentobarbital (80.0 mg/kg, i.p.), and then their right car-
otid artery and left jugular vein were separated. Into
a polyethylene tube, an exactly weighted silk thread of
6 cm in length was added. This polyethylene tube was
filled by a solution of heparin sodium in NS (50 IU/mL),
its ends were inserted into left jugular vein and right
carotid artery, respectively, and the blood was allowed to
flow for 15 mins via the polyethylene tube. Finally, from
the polyethylene tube, the silk thread was removed,
weighed and the increase of the weight of the silk thread
was calculated to get the thrombus weight and represent
the anti-thrombotic activity of MTCA-KKV.

Rat arterial thrombolytic assay in vivo

For arterial thrombolytic assay, male Sprague—Dawley rats
(220+20 g) were used to evaluate the activity of MTCA-
KKYV. In brief, the rats were randomly divided into groups
(each 12 rats) and orally treated with NS (3 mL/kg) or
MTCA-KKV (0.01 pumol/kg) and intravenously treated
with urokinase (UK, 20,000 IU/kg).

Thirty minutes after the oral treatment, the rats in NS and
MTCA-KKYV groups received 20% urethane (6 mL/kg, i.p.)
for anesthetizing to separate the right carotid artery and the
left jugular vein. To prepare thrombus, the cylindrical throm-
bus-supporting helix (15 circles, pitch 1.2 mm, diameter
1.0 mm) was placed in the glass tube. This glass tube was
filled with 0.2 mL blood from the right carotid artery of the
rat and allowed to have 15 mins coagulation for forming
cylindrical thrombus. This blood clot was taken out of the
glass tube, precisely weighed to record initial weight and put
into the middle polyethylene tube. This tube was filled with
the solution of heparin sodium in NS (50 IU/mL). Into the
left jugular vein, one end of the tube was inserted, and the
anticoagulant solution of heparin sodium in NS was injected
via the other end of the tube. Via the tube the blood was
allowed to circulate for 60 mins, the cylindrical thrombus
was taken out of the tube, and precisely weighed to record
final weight. The difference between the initial and final
weights of cylindrical thrombus was obtained to represent
the in vivo thrombolytic activity of MTCA-KKV.

Thirty minutes after the intravenous treatment, the rats
in UK group received 20% urethane (6 mL/kg, i.p.) for
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anesthetizing to receive the same operation as the rats in
NS and MTCA-KKYV groups. Via the tube the blood was
allowed to circulate for 60 mins, the cylindrical thrombus
was taken out of the tube, and precisely weighed to record
final weight. The difference between the initial and final
weights of cylindrical thrombus was obtained to represent
the in vivo thrombolytic activity of UK.

Results

Assembly of MTCA-KKV
Dimerization of MTCA-KKV
The nano-property of MTCA-KKV was addressed with
MS and NMR spectra.’® FT-ICR-MS spectrum gives an
ion peak at 1,082.60989, the mass of a monomer plus H,
while the locally amplified spectrum gives an ion peak at
2,185.56405, the mass of a dimer plus Na (Figure 2A).
The relationship of the monomer and the dimer was iden-
tified by qCID spectrum (Figure 2B). As seen, the qCID
spectrum of the dimer (at 2,185.45423) gives an ion peak
of the monomer plus H at 1,082.57256.

To explore the manner of MTCA-KKV forming
a dimer, the NOESY 2D NMR spectrum was measured.>*

In Figure 2C, two interesting cross-peaks are marked with
red circles. According to the knowledge of NOESY 2D
NMR spectrum cross-peak 1 is resulted from the interaction
of 1-methyl H of one molecule and aromatic H of carboline
moiety of another molecule, while the cross-peak 2 is
resulted from the interaction of 3-H of one molecule and
pyrrole H of carboline moiety of another molecule
(Figure 2D).

Nano-property of aqueous MTCA-KKV

To show the nano-property of aqueous MTCA-KKYV, the
Tyndall effect, particle size and zeta potential were
measured.>’ Figure 3A, C, E and G visualizes that with-
out and with the radiation of 650 nm laser, the ultrapure
water of pH 6.7 and pH 2.0 are transparent. Figure 3B
and F visualizes that without the radiation of 650 nm
laser, the solutions of MTCA-KKYV in ultrapure water of
pH 6.7 and pH 2.0 (0.1 uM) are transparent. Figure 3D
and H visualizes that with the radiation of 650 nm laser,
the solutions of MTCA-KKYV in ultrapure water of pH 6.7
and pH 2.0 (0.1 uM) occur Tyndall effect, the character
of nano-solution. Figure 31 shows that comparing to the
ultrapure water of pH 2.0 the ultrapure water of pH 6.7 is

Intens

s778a716
kit :
x10 Intens.

X108,
5

4

1+
2185.56405|

|
LAa A

o = N »

+MS

2184 2185 2186 2187 2188  2189m/z]

+MS )
s i

()

LY

LU.MJ"‘LI pom

o

1+ 1+
803.09783 1082.60989

| [ I
1o JLi kSl RN

250 500 750 1000 1250 1500

H
1750 2000 2250

2500 m/z

Intens
x107

1+
B 1082.57256

+MS2(qCID 2185.45423)

Inlens7 1 14+ +MS2(qCID 2185.45423)
6- XWS 11082.57256
4
44 ‘
[} | N | N | S S——
1082 1083 1084 1085 1086 1087miz
2 —
1+
878.37621 1+
2185.45423
L I
0 b ooyt

U R S AL UL A UL L L UL SLAL L SUALEL S B
1200 1400 1600 1800 2000 2200 2400 2600m/z

Figure 2 FT-ICR-MS, qCID and NOESY 2D NMR spectra of MTCA-KKV. (A) FT-ICR-MS spectrum of MTCA-KKY in aqueous solution; (B) qCID spectrum of MTCA-
KKYV in aqueous solution;(C) NOESY 2D NMR spectrum of MTCA-KKV in DMSO-d¢; (D) energy minimized conformation of the dimer of MTCA-KKYV.
Abbreviations: MTCA-KKYV, (IR,3S)-1-methyl-1,2,3,4-tetrahydro-B-carboline-3-carboxyl-Lys(Pro-Ala-Lys)-Arg-Gly-Asp-Val.
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Figure 3 Tyndall effect, particle size and zeta potential of MTCA-KKYV in ultrapure water. (A) Feature of ultrapure water of pH 6.7; (B) Feature of 0.1 pM solution of MTCA-
KKV in ultrapure water of pH 6.7; (C) Feature of ultrapure water of pH 6.7 with the radiation of 650 nm laser; (D) Feature of 0. pM solution of MTCA-KKY in ultrapure water
of pH 6.7 with the radiation of 650 nm laser; (E) Feature of ultrapure water of pH 2.0; (F) Feature of 0.1 pM solution of MTCA-KKY in ultrapure water of pH 2.0; (G) Feature
of ultrapure water of pH 2.0 with the radiation of 650 nm laser; (H) Feature of 0.1 pM solution of MTCA-KKY in ultrapure water of pH 2.0 with the radiation of 650 nm laser;
(I) Seven-days’ size of MTCA-KKYV in pH 6.7 and pH 2.0 ultrapure water (0.] pM); (J) Zeta potential of MTCA-KKYV in pH 6.7 ultrapure water (0.1 pM).

Abbreviations: MTCA-KKY, (IR,3S)-1-methyl-1,2,3,4-tetrahydro-B-carboline-3-carboxyl-Lys(Pro-Ala-Lys)-Arg-Gly-Asp-Val.

more suitable for MTCA-KKYV to form smaller particles.
Figure 31 shows that within 7 days the size of the parti-
cles gradually increases from ~220 nm to ~340 nm, while
in ultrapure water of pH 6.7 within the beginning 3 days
the size of the particles closes 220 nm. Figure 3J indi-
cates that the zeta potential on the surface of the particles
of MTCA-KKYV in ultrapure water of pH 6.7 is ~—25 mV.

TEM, SEM and AFM images of MTCA-KKV

To show the effect of the concentration on the nano-
feature, the TEM, SEM and AFM of MTCA-KKV were
imaged. TEM shows that in ultrapure water of pH 6.7
MTCA-KKYV forms nano-particles of 12-187 nm in dia-
meter, and even the concentration been decreased from
10.0 uM to 1.0 nM the diameter of most particles still
falls within a range of 12—-100 nm (Figure 4A—F).

SEM shows that the lyophilized powders are nano-
particles of 35-135 nm in diameter. According to the legend
of Figure 4G-L, 59%, 68% and 69% of the lyophilized
powders are resulted from 10.0 uM, 0.1 uM and 1.0 nM
aqueous solution of MTCA-KKYV in the ultrapure water of
pH 6.7, respectively, and the diameter of all powders is 60 nm.

AFM images of Figure 4M—P show that in rat plasma
MTCA-KKYV forms nano-particles of 21-68 nm in height,
and the concentration does not significantly affect the particle
height. At 10.0 pM, the height of most particles is 51-64 nm,
at 0.1 uM, the height of most particles is 61-68 nm and at 1.0
nM, the height of most particles is 21-26 nm. Thus, even
when the concentration is increased from 1.0 nM to 10.0 uM,
the particle height still falls within a range of 21-68 nm.

To predict how much molecules can build a nano-
particle with certain size MTCA-KKV was treated with
the mesoscale simulation by optimizing conformation,
forming a model of 4-spherical-beads and performing

molecular dynamic simulation. Figure 4Q shows that 224
molecules can form a particle of 3.2 nm in diameter.

In vitro MTCA-KKYV could bind on
P-selectin and GPIIb/llla

The UV and CD obviously reflect the in vitro interaction
between MTCA-KKV and P-selectin or GPIIb/II]a.
Figure 5A and B show that for MTCA-KKYV, both
P-selectin and GPIIb/Illa concentration dependently
reduce the UV absorption intensity and induce the
absorption peak to have a slight hypochromatic shift.

Figure 5C and D mirrors the effect of MTCA-KKYV on
the CD of P-selectin and GPIIb/Illa. As shown, MTCA-
KKV concentration dependently reduces the intensity of
their positive and negative bands. Besides, MTCA-KKV
induces their positive and negative bands to have a slight
bathochromic shift.

In vitro MTCA-KKYV could adhere on

platelet only

The AFM image visualizes the interaction of MTCA-KKV
with rat platelets, erythrocytes and leucocytes in vitro. The
AFM image visualizes that rat platelets themselves have
smooth surface (Figure 6A). In the presence of MTCA-
KKV (0.1 nM), however, the surface becomes uneven.
A lot of nano-particles of 30—63 nm in height adhere on the
surface (Figure 6B). Figure 6C and D visualizes that either rat
erythrocytes themselves or rat erythrocytes with MTCA-
KKV (0.1 nM) the surface is smooth. Similarly, either rat
leucocytes themselves or rat leucocytes with MTCA-KKV
(0.1 nM) the surface is smooth (Figure 6E and F). Thus, the
nano-particles of MTCA-KKYV have an intrinsic adhesion to
platelets, but not erythrocytes and leucocytes.
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Figure 4 TEM, SEM and AFM images of MTCA-KKYV in ultrapure water and plasma of rat. (A and B) TEM image and size distribution of particles of MTCA-KKY in ultrapure
water of pH 6.7 (10.0 pM); (C and D) TEM image and size distribution of particles of MTCA-KKY in ultrapure water of pH 6.7 (0.1 pM); (E and F) TEM image and size
distribution of particles of MTCA-KKY in ultrapure water of pH 6.7 (1.0 nM); (G and H) SEM image and size distribution of powders lyophilized from a solution of MTCA-
KKV in pH 6.7 ultrapure water (10.0 pM); (I and J) SEM image and size distribution of powders lyophilized from a solution of MTCA-KKYV in pH 6.7 ultrapure water (0.1
prM); (K and L) SEM image and size distribution of powders lyophilized from a solution of MTCA-KKY in pH 6.7 ultrapure water (1.0 nM); (M) AFM image of rat plasma; (N,
O and P) AFM image and size distribution of the particles of MTCA-KKYV in rat plasma (10.0 pM, 0.1 pM and 1.0 nM); (Q) MTCA-KKV’s nanoparticle predicted with
mesoscale simulation software.

Abbreviations: TEM, transmission electron microscopy; SEM, scanning electron microscopy; AFM, atomic force microscopy; MTCA-KKY, (IR,3S)-1-methyl-1,2,3,4-tetra-
hydro-B-carboline-3-carboxyl-Lys(Pro-Ala-Lys)-Arg-Gly-Asp-Val.

70 nm

In vivo anti-arterial thrombosis activity of ofthe rats orally treated with 0.001 pmol/kg, 0.01 pmol/kg
oral MTCA-KKYV and 0.1 pmol/kg of MTCA-KKYV are significantly and

gradually decreased. Therefore, MTCA-KKV dose-
dependently inhibits arterial thrombosis. Figure 7A further
shows that the arterial thrombus weight of the rats orally

The anti-arterial thrombosis activity of oral MTCA-KKV
was evaluated on rat arterial-venous shunt-silk thread
model. Figure 7A shows that the arterial thrombus weight
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Figure 5 UV and CD described in vitro interaction between MTCA-KKYV and P-selectin or GPIIb/llla. (A) P-selectin concentration dependently changes the UV of MTCA-
KKYV; (B) GPIIb/llla concentration dependently changes the UV MTCA-KKYV; (€C) MTCA-KKYV concentration dependently changes the CD of P-selectin; (D) MTCA-KKV

concentration dependently changes the CD of GPIIb/llla.

Abbreviations: UV, ultra violet spectrum; CD, circular dichroism spectrum; MTCA-KKY, (IR,3S)-I-methyl-1,2,3,4-tetrahydro-B-carboline-3-carboxyl-Lys(Pro-Ala-Lys)-Arg-

Gly- Asp-Val.

treated with 0.01 pmol/kg, but not 0.001 umol/kg, of
MTCA-KKYV is significantly lower than that of the rats
treated with NS, suggesting 0.01 pmol/kg is the minimal
effective dose. Besides, the arterial thrombus weight of the
rats orally treated with 0.01 pmol/kg of MTCA-KKYV is
equal to that of the rats orally treated with 1 pmol/kg of
oral MTCA, suggesting the activity of MTCA-KKV is 100
folds of MTCA. Furthermore, the arterial thrombus weight
of the rats orally treated with 0.1 umol/kg of MTCA-KKV
is equal to that of the rats orally treated with 167 umol/kg
of aspirin.

In vivo thrombolytic activity of oral

MTCA-KKV

The thrombolytic activity of oral MTCA-KKV was eval-
uated on rat arterial thrombolytic model. Figure 7B shows
that the decrease of thrombus weight of the rats orally
treated with 0.01 umol/kg of MTCA-KKYV is significantly

higher than those of the rats orally treated with NS and 1
pmol/kg of MTCA. Therefore, the oral efficacy of MTCA-
KKYV is 100 folds of MTCA. Figure 7B further shows that
the oral efficacy of 0.01 umol/kg of MTCA-KKYV is equal
to the intravenous efficacy of 20,000 IU/kg of UK.

MTCA-KKY inhibiting GPIIb/llla

expression in vivo

The plasma GPIIb/Illa of the rats receiving anti-arterial
thrombosis assay was measured with enzyme immunoas-
say by following manufacturer’s instruction (Rat Platelet
Membrane Glycoprotein ELISA Kit; Rapid Bio Tests
Corp, USA). Figure 7C shows that the plasma GPIIb/Illa
of the rats orally treated with NS is significantly higher
than that of the rats orally treated with 1 pmol/kg of
MTCA, while the plasma GPIIb/Illa of the rats orally
treated with 1 pmol’kg of MTCA is significantly higher
than that of the rats orally receiving 0.01 pmol/kg of
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Figure 6 AFM feature of rat platelets, erythrocytes and leucocytes with and without MTCA-KKYV. (A) AFM feature of rat platelets alone; (B) AFM feature of rat platelets
with MTCA-KKYV (0.1 nM, in pH 6.7 ultrapure water); (C) AFM feature of rat erythrocytes alone; (D) AFM feature of rat erythrocytes with MTCA-KKYV (0.1 nM, in pH 6.7
ultrapure water); (E) AFM feature of rat leucocytes alone; (F) AFM feature of rat leucocytes with MTCA-KKV (0.1 nM, in pH 6.7 ultrapure water).

Abbreviations: AFM, atomic force microscopy; MTCA-KKY, (IR,3S)-I-methyl-1,2,3,4-tetra-hydro-B-carboline-3-carboxyl-Lys(Pro-Ala-Lys)-Arg-Gly-Asp-Val.
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Figure 7 In vivo anti-arterial thrombosis and thrombolytic activity, as well as downregulation of the expression of GPIIb/llla and P-selectin. (A) Dose-dependently anti-
arterial thrombosis activities of MTCA-KKYV; (B) Thrombolytic activity of 0.01 pmol/kg MTCA-KKYV; (C) GPIIb/llla expression of the rats treated with 0.0 pmol/kg MTCA-
KKYV; (D) P-selectin expression of the rats treated with 0.0 pmol/kg MTCA-KKV; n=12.

Abbreviations: NS, normal saline; MTCA, (IR,3S)-1-methyl-1,2,3,4-tetrahydro-f-carboline-3-carboxylic acid; MTCA-KKY, (IR,3S)-I-methyl-1,2,3,4-tetrahydro-B-carboline

-3-carboxyl-Lys(Pro-Ala-Lys)-Arg-Gly-Asp-Val.

MTCA-KKYV. This means that the activity of MTCA-KKV
inhibiting GPIIb/IIIa expression is 100-folds higher than
that of MTCA. These data also mean that GPIIb/IIIa is one
of the targets of MTCA-KKV to exhibit anti-arterial
thrombosis and thrombolytic activities in vivo.

MTCA-KKY inhibiting P-selectin

expression in vivo
The plasma P-selectin of the rats receiving anti-arterial
thrombosis assay was measured with enzyme immunoassay

by following manufacturer’s instruction (Rat Platelet
Membrane Glycoprotein ELISA Kit; Rapid Bio Tests Corp,
USA). Figure 7D shows that the plasma P-selectin of the rats
orally treated with NS is equal to that of the rats orally treated
with 1 pmol/kg of MTCA, and significantly higher than that
of the rats orally treated with 0.01 pmol/kg of MTCA-KKV.
This means that the activity of MTCA-KKV inhibiting
P-selectin expression is 100-folds higher than that of
MTCA. These data also mean that P-selectin is one of the
targets of MTCA-KKYV to exhibit anti-arterial thrombosis
and thrombolytic activities in vivo.
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Arterial thrombus targeting action of

MTCA-KKYV in vivo

The thrombus targeting action of MTCA-KKYV was iden-
tified by ESI(+)-FT-MS and ESI(-)-FT-MS analyses. In
this regard, the MS spectra of homogenate extracts of the
organ and the arterial thrombus of NS and 0.01 pmol/kg
MTCA-KKYV treated rats were measured. It was found that
both the ESI(+)-FT-MS and ESI(-)-FT-MS spectra of
homogenate extracts of the organs and the thrombus of
NS-treated rats gave no any interesting peak related to
MTCA-KKYV. Similarly, both the ESI(+)-FT-MS and
ESI(-)-FT-MS spectra of homogenate extract of the organ
of 0.01 pmol’kg MTCA-KKYV treated rats also gave no
any interesting peak.

However, both the ESI(+)-FT-MS and ESI(-)-FT-MS
spectra of homogenate extract of arterial thrombus of 0.01
pmol/’kg MTCA-KKYV treated rats gave interesting peak.
Figure 8A shows that the ESI(+)-FT-MS spectrum of the
homogenate extract of arterial thrombus of rats treated with
0.01 pmol’kg MTCA-KKV gives four ion peaks at
253.05452 (MTCA plus H), 315.27347 (Pro-Ala-Lys plus
H), 57447932 (Lys-Arg-Gly-Asp-Val plus H) and
786.61889 (MTCA-Lys-Arg-Gly-Asp-Val plus H). Figure
8B shows that the ESI(-)-FT-MS spectrum of the homoge-
nate extract of arterial thrombus of rats treated with 0.01

umol/kg of MTCA-KKYV gives two ion peaks at 904.58214
[Lys(Pro-Ala-Lys)-Arg-Gly-Asp-Val ~ plus  CI]  and
44424140 (Arg-Gly-Asp-Val minus H). Therefore, MTCA-
KKYV only enters the arterial thrombus of the treated rats.

Discussion

The FT-ICR-MS spectrum gives the ion peak of the mono-
mer plus H at 1,082.57256 and the ion peak of the dimer
plus H at 2,185.56405, but the qCID spectrum of the dimer
gives the ion peak of the monomer plus H. This suggests
that in FT-ICR-MS condition the monomer is resulted from
the dimer, in aqueous solution MTCA-KKYV exists as the
dimer and MTCA-KKYV has further assembly potential.

The manner of MTCA-KKV forming the dimer was
explored by two cross-peaks of the NOESY 2D NMR
spectrum. According to the requirement of NOESY 2D
NMR spectrum, the distances between the protons involved
in the cross-peaks should be less than 4 A and the dimer
should have a bat-like conformation (Figure 2D).

The ability of MTCA-KKYV to form nano-species was
visualized by Tyndall effect, particle size and zeta poten-
tial. All data suggest that aqueous MTCA-KKYV not only
has nano-property and but also has distinctive application
either as aqueous solution of pH 6.7 or as aqueous solution
of pH 2.0.
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Figure 8 (A) ESI(+)-FT-MS spectrum of the extract of arterial thrombus of rats treated with 0.0 pmol/kg MTCA-KKYV; (B) ESI(-)-FT-MS spectrum of the extract of arterial

thrombus of rats treated with 0.01 pmol/kg of MTCA-KKYV.

Abbreviations: MTCA-KKYV, (IR,3S)-1-methyl-1,2,3,4-tetrahydro-B-carboline-3-carboxyl-Lys(Pro-Ala-Lys)-Arg-Gly-Asp-Val.
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To explore the effect of concentration on the nano-
feature, MTCA-KKV was imaged with TEM, SEM and
AFM. TEM shows that in ultrapure water of pH 6.7
MTCA-KKYV forms nano-particles and when the concen-
tration is decreased from 10.0 uM to 1.0 nM, the diameter
of most particles still falls within a range of 20—100 nm.
SEM shows that the lyophilized powder prepared from
10.0 uM, 0.1 puM and 1.0 nM of aqueous MTCA-KKYV is
nano-particles in diameter of 35—135 nm. This means that
the lyophilized powders can be optionally used as a solid
agent. AFM shows that in rat plasma and at 10.0 uM, 0.1
puM and 1.0 nM, the height of all nano-particles falls
within a range of 21-68 nm. Comparing to the nano-
particles in the lyophilized powders and in aqueous solu-
tion, the particles formed in rat plasma are smaller. With
this sized nano-particles, MTCA-KKV can avoid the
macrophage phagocytosis and could be successfully deliv-
ered in blood circulation.®

The molecular number of MTCA-KKYV in an exact size
nano-particle could be predicted by mesoscale simulation.
Figure 4Q shows that mesoscale simulation can be gener-
ally used to predict the molecule number of the small
molecule in an optional nano-particle. Thus, it is possible
to quantitatively describe the molecular composition for an
optional nano-particle.

The anti-arterial thrombosis assay shows that oral
MTCA-KKYV exhibits dose-dependent inhibition, 0.01
umol/kg is the minimal effective dose and its activity is
1,670 folds of aspirin. The thrombolytic assay shows that
at this dose MTCA-KKYV also significantly decreases throm-
bus weight. Thus, 0.01 umol/kg of oral MTCA-KKV pos-
sesses dual anti-thrombosis and thrombolytic actions.

The UV and CD were used to reflect the in vitro inter-
action between MTCA-KKYV and P-selectin or GPIIb/II]a.
Figure 5A and B show that MTCA-KKV concentration
dependently reduces the UV absorption intensity and
induce the absorption peak to have a slight hypochromatic
shift for both P-selectin and GPIIb/Illa.

To show whether GPIIb/Illa and P-selectin are the
targets of MTCA-KKYV, the UV and CD spectra were
presented. Figure 5A-D evidence that in vitro MTCA-
KKV concentration dependently changes the intensity
and shifts position of the UV and CD of P-selectin and
GPIIb/llla. These spectra mirror that MTCA-KKV has
affinity for both P-selectin and GPIIb/IIla. This kind affi-
nity could lead to MTCA-KKYV binding both of them.

To explain the benefits of MTCA-KKYV binding GPIIb/
Illa and P-selectin, the enzyme immunoassays were

performed. Figure 7C shows that at the minimal effective
dose MTCA-KKV significantly decreases the level of
GPIIb/IIIa in the plasma of the treated rats (when comparing
to NS). Figure 7D shows that at the minimal effective dose
MTCA-KKYV significantly decreases the level of P-selectin
in the plasma of the treated rats (when comparing to NS).

Considering both P-selectin and GPIIb/Illa locate on the
surface of the platelets, the adhesion of MTCA-KKYV to rat
platelet, erythrocytes and leucocytes are evidenced with
AFM image. Figure 6 visualizes that on the surface of the
platelets, but not erythrocytes and leucocytes, there are a lot
of nano-particles of 30-63 nm in height. These nano-
particles are clearly in consistent with those in rat plasma.
This implies that the adhesion of the nano-particles on the
platelets should result in MTCA-KKYV inhibiting the expres-
sion of both P-selectin and GPIIb/IIla, and emphasizes that
both P-selectin and GPIIb/Il]a are the targets.

The zeta potential test indicates that aqueous MTCA-
KKV (in pH 6.7 ultrapure water) has ~25 mV of zeta
potential. This means that the surface of the nano-particles
of MTCA-KKV is surrounded by numerous negative
charges. These negative charges could strongly repel each
other, impede the aggregation of the nano-particles and help
them to hold the small size for adhering the platelets.

The in vivo thrombus targeting action was confirmed by
MS analysis. Figure 8A shows that the ESI(+)-FT-MS spec-
trum of the homogenate extract of thrombus of 0.01 umol/kg
MTCA-KKV-treated rats gives four ion peaks of MTCA plus
H, Pro-Ala-Lys plus H, Lys-Arg-Gly-Asp-Val plus H and
MTCA-Lys-Arg-Gly-Asp-Val plus H. Figure 8B shows that
the ESI(-)-FT-MS spectrum of the homogenate extract of
thrombus of 0.01 umol/kg MTCA-KKV-treated rats gives
two ion peaks of Lys(Pro-Ala-Lys)-Arg-Gly-Asp-Val plus
Cl and Arg-Gly-Asp-Val minus H. Therefore, in vivo
MTCA-KKYV only enters the arterial thrombus and releases
bioactive components wherein in a targeting manner.

The MS analysis leads to the hypothesis of the release
pattern of MTCA-KKYV in the arterial thrombus, to under-
standing of the in vivo actions at molecular level, and to
structural correlation.

Figure 9 shows releasing way A-C. In way A, MTCA-
KKV is degraded to MTCA, Lys(Pro-Ala-Lys)-Arg-Gly-Asp
-Val and Pro-Ala-Lys. In way B, MTCA-KKYV is degraded to
MTCA, MTCA-Lys-Arg-Gly-Asp-Val and Pro-Ala-Lys, in
way C, both Lys(Pro-Ala-Lys)-Arg-Gly-Asp-Val and Lys-
Arg-Gly-Asp-Val are degraded to Lys-Arg-Gly-Asp-Val.

It is generally known that MTCA and Arg-Gly-Asp-
Val are the anti-thrombotic pharmacophores, Pro-Ala-Lys
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Releasing ways of MTCA-KKV in thrombus
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Figure 9 (A-C) In the arterial thrombus of the treated rats, MTCA-KKYV is degraded via 3 ways to release anti-thrombosis, thrombolytic and thrombus targeting

pharmacophores.

Abbreviations: MTCA, (IR,3S)-I-methyl-1,2,3,4-tetrahydro-B-carboline-3-carboxylic acid; MTCA-KKY, (IR,3S)-1-methyl-1,2,3,4-tetrahydro--carboline-3-carboxyl-Lys

(Pro-Ala-Lys)-Arg-Gly-Asp-Val.

is the thrombolytic pharmacophore and Arg-Gly-Asp-Val
is the thrombus targeting pharmacophore. Therefore, these
releasing ways demonstrate the molecular mechanism of
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Figure 10 Graphic conclusion.

Abbreviations: MTCA, (IR,3S)-I-methyl-1,2,3,4-tetrahydro-B-carboline-3-carboxylic acid; MTCA-KKY, (IR,3S)-1-methyl-1,2,3,4-tetrahydro--carboline-3-carboxyl-Lys

(Pro-Ala-Lys)-Arg-Gly-Asp-Val.
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Arterial and cerebral embolisms are a leading cause of
major ischemic diseases. The discovery and development of
anti-thrombotic and thrombolytic agents are of clinical
importance. Due to high potency of inhibiting arterial
thrombosis and dissolving blood clots, MTCA-KKYV should
attract broad clinical attention. Since the diameter of most
particles in ultrapure water of pH 6.7 been less than 100
nm, aqueous MTCA-KKYV could be considered as optional
nano-solution. Owing to the height of all particles in rat
plasma been less than 70 nm, MTCA-KKYV should be safely
delivered in blood circulation without the risk of macro-
phage phagocytosis. Because of the efficacy of selectively
adhering the surface of the platelets, substantially down-
regulating the expression of both P-selectin and GPIIb/I1]a,
specifically releasing anti-thrombotic and thrombolytic
pharmacophores in arterial thrombus, MTCA-KKV will be
recommended as a thrombus targeting nano-medicine.

Conclusion

In conclusion, the self-assembly of MTCA-KKYV leads to
the formation of the dimers and the nano-particles. In
blood circulation, the nano-particles are suitable for deliv-
ery via safely avoiding the macrophage phagocytosis,
selectively adhere on the platelets and block the expression
of both P-selectin and GPIIb/Illa. By entering the throm-
bus, but not the health organs, MTCA-KKYV releases anti-
thrombotic and thrombolytic pharmacophores, thereby
effectively inhibiting arterial thrombosis and dissolving
arterial blood clots in the dose-dependent manner. MTCA-
KKYV should be a promising candidate for the development
of nano-medicine. These are summarized in Figure 10.
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