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Purpose: To assess whether the newly designed small-molecule oral P-selectin inhibitor 
3S-1,2,3,4-tetrahydro-β-carboline-3-methyl aspartyl ester (THCMA) as a nanomedicine 
enhances antithrombosis, anti-inflammation, and antitumor activity more than the clinical 
trial drug PSI-697.
Methods: THCMA was designed as an amphiphile containing pharmacophores of PSI-697. 
Its nanofeatures were explored with TEM, SEM, Tyndall effect, ζ-potential, FT-ICR-MS, and 
NOESY 2D 1H NMR. The P-selectin inhibitory effect of THCMA was demonstrated with 
molecular docking, ultraviolet (UV) spectra, and competitive ELISA. In vivo and in vitro 
assays — anti-arterial thrombosis, anti–venous thrombosis, anti-inflammation, antitumor 
growth, anti–platelet aggregation, rat-tail bleeding time, anticoagulation index, soluble 
P-selectin (sP-selectin) expression, and serum TNFα expression — were performed to 
explore bioactivity and potential mechanisms. Water solubility of THCMA was measured 
using UV-absorption spectra.
Results: THCMA self-assembled into nanorings of approximately 100 nm in diameter. Its 
water solubility was about 1,030-fold that of PSI-697. THCMA exhibited more potent 
P-selectin inhibitory effect than PSI-697. The oral efficacy of THCMA was 100-fold that 
of PSI-697 in inhibiting arterial and venous thrombosis and tenfold in inhibiting inflamma-
tion. THCMA inhibited thrombosis at a dose that produces no coagulation disorders and no 
bleeding risk. THCMA exhibited enhanced antitumor activity over PSI-697 without systemic 
chemotherapy toxicity. THCMA significantly inhibited platelet aggregation in vitro and 
downregulated the expression levels of serum sP-selectin and TNFα in vivo.
Conclusion: A new small-molecule P-selectin inhibitor, THCMA, has been successfully 
designed as a nanomedicine with largely enhanced oral efficacy compared to the clinical trial 
drug PSI-697, and thus might be developed for the oral treatment of arterial thrombosis, 
venous thrombosis, inflammation, and cancer-associated thrombosis.
Keywords: P-selectin, thrombosis, inflammation, cancer, antagonist, self-assembly

Introduction
P-selectin is an integral membrane protein expressed on activated platelet 
surfaces and endothelial cell surfaces.1 Its overexpression occurs not only on the 
vascular endothelium of tumors but also on lung, ovarian, lymphoma, and breast 
cancer cells.2 As an adhesion molecule, P-selectin binds with P-selectin glycopro-
tein ligand 1 (PSGL1), the cognate ligand expressed on leukocytes, T cells, and 
myeloid, lymphoid, carcinoma, and dendritic cells.3,4 This binding mediates the 
adhesion of platelets, leukocytes, T cells, endothelial cells, and tumor cells, 

Correspondence: Haimei Zhu  
School of Pharmaceutical Sciences, 
Capital Medical University, 10 
Youanmenwaixitoutiao, Fengtai District, 
Beijing 100069, People’s Republic of China  
Tel/Fax +86-10-8391-1871  
Email hmzhu@ccmu.edu.cn

International Journal of Nanomedicine 2021:16 5777–5795                                               5777
© 2021 Feng et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                                 Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 2 May 2021
Accepted: 18 July 2021
Published: 24 August 2021

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0001-7583-9677
http://orcid.org/0000-0002-2828-6878
mailto:hmzhu@ccmu.edu.cn
http://www.dovepress.com/permissions.php
https://www.dovepress.com


resulting in inflammation, thrombosis and tumor growth 
and metastasis. It is evident that inhibiting the binding 
between P-selectin and PSGL1 sheds light on drug devel-
opment for treating inflammation,5 arterial thrombosis,6 

venous thrombosis,7 tumor growth,8 tumor metastasis,8 

and cancer-associated thrombosis.9–11

Currently, drugs designed for this purpose mainly fall 
into three types: monoclonal antibodies, including 
inclacumab12 and crizanlizumab,13 glycosulfopeptides 
mimicking truncated N-terminal PSGL1 monomers like 
GSnP-6,14 and small-molecule inhibitors, such as GMI- 
1070,15 bimosiamose (TBC1269),16 and PSI-697.17 Those 
drugs, however, are far from satisfying for clinical use. 
The first two types are considered inadequate to fulfill 
daily or long-term therapeutic needs. For example, crizan-
lizumab, the first FDA-approved P-selectin inhibitor for 
sickle-cell treatment,18 has the limitations of high manu-
facturing costs, short shelf life, and intravenous adminis-
tration. Similarly, GSnP-6 also needs administration 
through the jugular cannula.14 The complicated synthesis 
of GSnP-6 involves multiple chemical and enzymatic 
steps, making it hard to be manufactured. As for the 
third type, most of the small-molecule P-selectin inhibitors 
designed as sialyl LewisX (sLeX) mimetics have been 
shown to be therapeutically ineffective because of their 
low binding affinity to P-selectin. For instance, the 
potency of P-selectin for the glycomimetic P-selectin inhi-
bitors GMI-1070 and TBC1269 is Kd 200 µM and IC50 70 
µM, respectively.19 GMI-1070 and TBC1269 are also 
administered by intravenous injection or by inhalation.

In contrast, PSI-697 is the only orally effective 
P-selectin inhibitor in clinical trials. Although it is also 
limited by its low potency for P-selectin (Kd 200 µM), it is 
not a sLeX-mimicking small molecule and is able to 
reduce inflammation and thrombosis in animal 
models.20,21 One negative result for PSI-697 as an antith-
rombotic drug is that it did not prevent platelet-monocyte 
aggregation in a phase I trial in healthy smokers, possibly 
because of the low tested dose and water solubility.17 The 
low blocking activity and poor solubility of PSI-697 might 
be causes of high dose requirements. Nevertheless, PSI- 
697 is still a significant start for further exploration of oral 
P-selectin inhibitors.

Detailed analyses of the interactions between P-selectin 
and PSGL1 have revealed that high-affinity binding 
between P-selectin and PSGL1 attributes to the three sul-
fated tyrosines Tys46, Tys48, and Tys51 and sLeX oligo-
saccharide at threonine 57 (Figure 1A).14,22–24 Tys48 

has been suggested to make a larger contribution to the 
binding than Tys46 and Tys51.14 Therefore, the binding 
site of Tys48 to P-selectin could be a potential drug-design 
site.

We aimed to design a molecule with a binding mode 
similar to PSI-697 to P-selectin, but with enhanced solu-
bility and activity. To begin with, we docked PSI-697 and 
its derivative PSI-42125 to the crystal structure of 
P-selectin (PDB code 1G1S), finding that they both 
blocked the interaction of Tys48 of PSGL1 with 
P-selectin (Figure 1B). Moreover, what we have pre-
viously tested showed that 1,2,3,4-tetrahydro-β-carboline 
(THC) derivatives interacted with P-selectin at the Tys48 
binding site and downregulated the expression of sP- 
selectin.26–29 Therefore, we took THC as a template and 
designed 3S-THC-3-methyl aspartyl ester (THCMA) as 
a new small-molecule oral P-selectin inhibitor. THCMA 
contains two important pharmacophores of PSI-697 that 
are connected with a linker to produce an amphiphilic 
molecule. THCMA significantly improved the logP 
(−2.21) and logS (1.11) values versus the logP (5.88) and 
logS (−4.74) values of PSI-697, indicating significantly 
improved solubility and pharmacokinetic properties 
(Figure 1C). For the docking results (Figure 1D), the 
binding site of the carboline moiety of THCMA matched 
with the modified quinoline moiety of PSI-697 well. 
Similarly to the functional carboxylate group of PSI-697, 
the carboxylate group of THCMA interacted with Lys112 
of P-selectin. The docked binding free energy of THCMA 
(−7.45 kcal/mol) was lower than PSI-697 (−7.30 kcal/ 
mol). We hence hypothesized that THCMA as a new 
small-molecule oral P-selectin inhibitor would effectively 
inhibit P-selectin–mediated events, particularly those 
observed in thrombosis, inflammation, and tumor growth.

Methods
Boc-D(OBzl)-OH has an L configuration. PSI-697 was 
purchased from MedChemExpress (Monmouth Junction, 
NJ, USA). HPLC, melting points (MPs), 1H and 
13C nuclear magnetic resonance (NMR) spectra, electro-
spray ionization mass spectrometry (ESI-MS), ESI(±)-ICR 
-FT-MS spectrum, optical rotations, and ultraviolet (UV) 
absorption spectrum were assessed using similar 
methods to the literature.30,31 The purchase and mainte-
nance of animals used in in vivo assays and the statistical 
analyses of all biological data were performed in a similar 
way to the literature.31,32
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Male Sprague Dawley rats and male ICR mice were 
purchased from the Laboratory Animal Center of Capital 
Medical University. Ethics and legal approval from the 
Ethics Committee of Capital Medical University was 
obtained prior to commencement of all evaluations. 
Animal welfare was maintained in accordance with the 
requirements of Animal Welfare Act and the NIH Guide 
for the Care and Use of Laboratory Animals, and 
approved by Ethics Committee of Capital Medical 
University.

Energy Minimization of THCMA Conformation
The conformation of THCMA was energy-minimized with 
Discovery Studio 2017 following methods in the literature.32 

The THCMA conformation with the lowest energy was 
docked to the active site of P-selectin and adopted for the 
construction of self-assembled nanoparticles.

Molecular Docking
To investigate the binding modes of THCMA, PSI-697, 
and PSI-421 with P-selectin, molecular docking studies 

Figure 1 Rational structure design of THCMA. (A) Two regions involved in the interactions between P-selectin (surface model) and PSGL1 (ribbon model), sLeX moiety 
(stick model) and sulfated tyrosine Tys48 (stick model). (B) PSI-697 (cyan stick model) and PSI-421 (orange stick model) binding at the PSGL1 Tys48 binding site of P-selectin 
(surface model). (C) THCMA structurally designed by connecting two pharmacophores of PSI-697 with a linker to produce an amphiphilic molecule for improved solubility 
(logS) and bioavailability (logP). (D) Molecular interactions and binding energies between P-selectin (ribbon model) and PSI-697 (cyan stick model) and THCMA (wheat stick 
model), with detailed interactions presented in 2-D. Figures rendered with PDB 1G1S and docking results and plotted with PyMol and APBS plugins.44
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were carried following methods in the literature.32 The 
protein (chain A of PDB 1G1S) was used as the rigid 
receptor. The size of the grid box was 80×80×80 Å, cover-
ing the interaction surface of the ligand in the crystal 
structure 1G1S. Energy-minimized THCMA, PSI-697, 
and PSI-421 were treated as flexible ligands.

Synthesis of 3S-THC-3-Carboxylic Acid (1)
L-Trp 5 g and 25 mL 1 M H2SO4 were added to 80 mL 
water. Formaldehyde (8 mL, 36–38%) was then added to 
react for 2 hours at room temperature. The pH of the 
mixture was adjusted to 7 with ammonia liquor. 
Precipitates were filtered after 12 hours’ storage at 0° 
C. After recrystallization, 3.97 g of 1 (yield 75%) was 
obtained as colorless powder. ESI/MS:217[M+H]+.

Synthesis of 3S-THC-3-Carboxylic Acid Methyl Ester (2)
Thionyl chloride 3 mL was slowly added to 40 mL of 
methanol at 0°C. After 40 minutes 3 g of 1 was added to 
react at room temperature. TLC (CH2Cl2/CH3OH, 30/1) 
was used to determine the reaction endpoint. After vacuum 
evaporation, 30 mL ethyl acetate was added to dissolve the 
residue. The ethyl acetate solution was washed three times 
with saturated NaHCO3, then three times with saturated 
NaCl and dried with anhydrous Na2SO4. After vacuum 
evaporation, the residue was purified with chromatography 
(CH2Cl2/CH3OH, 40/1) to obtain 1.7 g of 2 (yield 54%) as 
colorless powder. ESI/MS:231.1[M+H]+.

Synthesis of 3S-THC-3-Methanol (3)
LiAlH4 0.7 g was added slowly to 60 mL of anhydrous 
THF at 0°C. After that 1 g of 2 was added and reacted for 
5 hours. TLC (CH2Cl2/CH3OH, 10/1) was used to deter-
mine the reaction end point. H2O 0.7 mL, 1.5 mL 4N 
NaOH, and 1 mL H2O were added dropwise in sequence 
and stirred for 40 minutes. The filtered liquor was vacuum- 
evaporated. Chromatography (CH2Cl2/CH3OH, 10/1) was 
used to purify the residue to obtain 0.63 g (yield 72%) of 3 
as colorless powder. ESI/MS:203.2 [M+H]+.

Synthesis of 3S-N-Boc-THC-3-Methanol (4)
(Boc)2O 1.4 g and 1 g of 3 were mixed in 40 mL anhy-
drous THF. The pH of the solution was adjusted to 9 with 
NMM. The reaction was vacuumed and monitored to 
remain at pH 9 at room temperature. TLC (CH2Cl2/CH3 

OH, 30/1) was used to determine the end point of the 
reaction. After vacuum evaporation, 50 mL ethyl acetate 
was used to dissolve the residue. The ethyl acetate solution 
was washed three times with 5% KHSO4 and then three 

times with saturated NaCl and dried with anhydrous Na2 

SO4. After vacuum evaporation, chromatography (CH2Cl2 

/CH3OH, 120/1) was used to purify the residue to get 1.34 
g of 4 (yield 90%) as colorless powder. ESI/MS:303.2 
[M+H]+.

Synthesis of 3S-N-Boc-THC-3-Methyl-(Boc) Aspartyl 
Ester-OBzl (5)
Boc-D(OBzl)-OH 0.84 g, 0.41 g DCC, and 24 mg DMAP 
were mixed in 40 mL anhydrous THF at 0°C for 40 minutes. 
Then, 0.6 g of 4 was added to react until the end point 
indicated by TLC (CH2Cl2/CH3OH, 30/1) had been reached. 
Ethyl acetate 50 mL was used to dissolve the residue 
obtained after evaporation. The solution was washed with 
saturated NaHCO3, saturated NaCl, 5% KHSO4, saturated 
NaCl, saturated NaHCO3, and saturated NaCl three times 
each and dried with anhydrous Na2SO4. Chromatography 
(PE/EA, 4/1) was used to purify the residue obtain after 
vacuum evaporation to provide 0.9 g of 5 (yield 74%) as 
colorless powder. ESI/MS:608.3[M+H]+.

Synthesis of 3S-N-Boc-THC-3-Methyl-(Boc) Aspartyl 
Ester (6)
At 0°C, hydrogen gas was aerated into a suspension of 0.5 
g of 5, 0.1 g Pd/C and 30 mL methanol for 6 hours, and 
TLC (CH2Cl2/CH3OH, 30/1) was used to determine the 
reaction end point. Filtrates of the reaction mixture were 
evaporated to provide 0.42 g of 6 (yield 95%) as light- 
yellow powder. ESI/MS:518.3[M+H]+.

Synthesis of 3S-THC-3-Methyl Aspartyl Ester 
(THCMA)
Hydrogen chloride 50 mL in 4 M anhydrous ethyl acetate 
was added to 0.4 g of 6 and reacted for 5 hours at 0° 
C. TLC (EA/H2O/CH3COOH, 3/1/1) was used to show 
complete disappearance of 6. After vacuum evaporation, 
the residue was dissolved in ethyl acetate and anhydrous 
ether and evaporated to remove hydrogen chloride three 
times to provide 0.28 g of yellow powder. The powder 
was purified with a reverse-phase C18 column (H2O/ 
MeOH, 2/1), evaporated, and freeze-dried to provide 
0.13 g THCMA (yield 48%) as white powders Mp 
203.5°C–208.2°C; α½ �25

D : +14.03 (c=0.100, CH3OH); 
1H NMR (800 MHz, DMSO-d6) δ 11.11 (s, 1H), 7.42 
(d, J = 7.9 Hz, 1H), 7.37 (d, J = 8.1 Hz, 1H), 7.10 (t, 
J = 7.6 Hz, 1H), 7.02 (t, J = 7.3 Hz, 1H), 4.59 (d, J = 11.9 
Hz, 1H), 4.48 (dd, J = 11.9, 6.3 Hz, 1H), 4.40 (d, J = 15.4 
Hz, 1H), 4.31 (d, J = 15.4 Hz, 1H), 4.27 (m, 1H), 3.81 (m, 
1H), 2.97 (m, 2H), 2.87 (dd, J = 16.9, 7.3 Hz, 2H), 2.45 
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(s, 1H). 13C NMR (75 MHz, DMSO-d6) δ 170.08, 136.64, 
128.08, 126.55, 121.97, 121.84, 119.35, 111.78, 105.49, 
65.15, 52.65, 50.26, 40.56, 39.17, and 21.65. HPLC pur-
ity 99.5%. ESI+-FT-ICR-MS (m/z): 318.14725 [M + H]+.

Self-Assembly of THCMA
FT-ICR-MS and qCID Spectra
Positive electrospray ionization (ESI) was used to record 
the FT-ICR-MS spectrum of THCMA. The qCID spectrum 
of 1,269.56151 m/z was isolated for further analysis. 
Spectral data were analyzed with the instrument’s 
software.

NOESY 2D 1H NMR Spectrum
The NOESY 2D 1H NMR spectrum of THCMA was 
measured following the instructions for an 800 MHz 
Bruker spectrometer.

TEM and SEM
The morphology and size of nanoparticles in 0.1 μM 
THCMA water solution at pH 7 and lyophilized powder 
were observed as per the literature.33

Particle Size and ζ-Potential
Nanofeatures of various concentrations of THCMA water 
solution (10 μM, 1 μM, 0.1 μM, and 0.01 μM) at both pH 
7 and pH 2 were identified. The Tyndall effect of the 
solutions was excited with a 650 nm laser. Particle-size 
fluctuation in 7 days and ζ-potential of the solutions were 
recorded as per the literature.31

Direct Interaction Between THCMA and 
P-Selectin
Influence of THCMA on UV Spectra of P-Selectin
To define the direct interaction between THCMA and 
P-selectin, the influence of increasing amounts of 
THCMA (final concentration 2–40 μM, pH 7.4), PSI-697 
(final concentration 2–40 μM, pH 7.4), THCMA:PSI-697 
1:1 (total final concentration 2–40 μM, pH 7.4), and 
THCMA:PSI-697 1:3, total final concentration 2–80 μM, 
pH 7.4) on the UV spectra of P-selectin was monitored at 
a wavelength of 280 nm using methods described in the 
literature.32

Competitive Binding Assay of THCMA with 
P-Selectin Against PSGL1 on HL60
The competitive binding assay was modified from a method 
described in the literature.34 Rat antimouse IgG antibody (20 
ng/mL, 50 μL) was coated onto microtiter plates overnight at 

4°C. The plates were washed and blocked for 8 hours at 4° 
C with 3% BSA. To each well, 50 μL human recombinant 
P-selectin–IgG chimera protein (200 ng/mL, R&D Systems) 
was added. The plates were carefully washed three times, and 
to each well HL60 cells (1,000 cells/well, 100 μL) with NS, 
PSI-697 (25 μM), and THCMA (25 and 100 μM) were added 
and allowed to adhere in the presence or absence of com-
pounds for 30 minutes at 37°C. PSI-697 was used as positive 
control. The plates were placed upside down on centrifuge 
(1,000 rpm, 3 minutes) to remove nonadherent cells. 
Adherent cells were quantified by counting the cell numbers 
under microscopy. The activity of the inhibitors is presented 
as adherent percentage: (adherent cell numbers in experi-
mental group – aspecific adherent cell numbers) ÷ (adherent 
cell numbers in blank group – aspecific adherent cell num-
bers) ×100%. Each experiment had six replicates and was 
statistically analyzed using a t-test.

Antiplatelet Assays
Antiplatelet Activity of THCMA Observed on AFM
Interactions between THCMA and platelets and the 
effect of THCMA on the aggregation of platelets were 
observed with AFM of platelets in the presence and 
absence of THCMA. The images were captured as per 
the literature.32 The morphology of platelets at resting 
state, AA activated state in NS, and AA activated state 
in the presence of various concentrations of THCMA 
(final concentrations 10−5, 10−6, and 10−7 M) were 
observed.

Anti–Platelet Aggregation Assay of THCMA
To determine the inhibitory effect of THCMA and PSI-697 
on the aggregation of platelets, an in vitro platelet- 
aggregation assay was performed as per the literature.31

THCMA Bioassays
Arterial Thrombus Weight
To evaluate the in vivo anti-arterial thrombosis activity of 
THCMA, a rat arteriovenous shunt silk-thread model 
described in the literature was used.31 CMCNa (0.5%, 
3 mL/kg) was given orally to the negative-control group. 
Aspirin 167 µmol/kg was given orally to the positive- 
control group. PSI-697 5 µmol/kg was given orally to 
the positive-control group of the P-selectin inhibitor. The 
three test groups were given 5, 0.5, and 0.05 µmol/kg 
THCMA orally.
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Venous Thrombus Weight
To evaluate the in vivo anti-venous thrombosis activity of 
THCMA, a rat inferior vena cava (IVC) ligation model 
from the literature was adopted.35 The negative-control 
group was given 3 mL/kg 0.5% CMCNa orally. The posi-
tive-control group was given 4.87 µmol/kg warfarin orally. 
The P-selectin inhibitor positive-control group was given 5 
µmol/kg of PSI-697 orally. THCMA 5, 0.5, and 0.05 
µmol/kg were given orally to the three test groups.

Anti-Inflammation
To evaluate the in vivo anti-inflammation activity of 
THCMA, a xylene-induced ear-edema mouse model was 
used as per the literature.36 For the negative-control group, 
a single dose of 10 mL/kg 0.5% CMCNa was given. For 
the positive-control group, a single dose of 1,110 μmol/kg 
aspirin was given. For the three test groups, a single dose 
of 5, 0.5, and 0.05 µmol/kg THCMA was given.

Antitumor
P-selectin is involved in both tumor growth and 
metastasis.8,37 To evaluate the in vivo antitumor activity of 
THCMA, a nonmetastatic S180 mouse model was adopted as 
per the literature.32 Mice in the assay were given drugs orally 
for 10 consecutive days and then killed with diethyl ether 
anesthesia. CMCNa 0.5% was given orally to the mice in the 
negative-control group. Doxorubicin (Dox) 5 μmol/kg/day 
was adminstered intraperitoneally to the mice in positive 
control group, 5 μmol/kg/day PSI-697 was given orally to 
those in the P-selectin inhibitor positive-control group, and 5 
μmol/kg/day THCMA was given orally to the mice in the test 
group. The body weights of all mice were recorded 
every day. After death, 1 mL fresh blood was collected for 
each mouse and tumors and organs dissected and weighed 
immediately.

Rat Tail-Bleeding Time
This assay was performed using a method mentioned in 
the literature.38 In our assay, the rats in the negative- 
control group were given 3 mL/kg 0.5% CMCNa orally, 
those in the positive-control group 4.87 µmol/kg warfarin 
orally, the P-selectin inhibitor positive-control group 5 
µmol/kg of PSI-697 orally, and the test group 5 µmol/kg 
of THCMA orally.

PT, TT, APTT, and Fib
Activated partial thromboplastin time (APTT), thrombin 
time (TT), prothrombin time (PT), and plasma fibrinogen 
(Fib) were measured in sera of the IVC-ligation rats used 

in the anti–venous thrombosis assay according to proce-
dures in the literature.30

sP-Selectin- and TNFα Expression
Sera from the anti-inflammation, anti–arterial thrombosis, 
anti–venous thrombosis, and antitumor assays were col-
lected according to the manufacturer’s instructions of rat 
and mouse ELISA kits. To measure expression levels of 
P-selectin and TNFα in the serum, the ELISA kits were 
used as per the literature.32

Solubility
Maximum solubility of THCMA and PSI-697 in water was 
measured and calculated using standard curves with 
a Shimadzu UV-2600. Maximum-absorption wavelengths 
of THCMA and PSI-697 were 362.4 nm and 196.3 nm, 
respectively. Absorbance of a series of THCMA solu-
tions (1,577, 789, 394, 197, and 99 µM) and PSI-697 
solutions (54, 18, 6, 2, and 1 µM) were measured. 
Regression equations were plotted in terms of concentra-
tion to absorbance. Saturated THCMA and PSI-697 
solutions were prepared and UV absorbance measured to 
calculate maximum solubility.

Results
THCMA Exhibits Good Solubility in 
Water
The poor solubility of PSI-697 might be a cause of the 
need for high dosage. THCMA was structurally designed 
as an amphiphilic molecule to improve solubility. The 
maximum solubility of THCMA and PSI-697 in water 
was 5,040 µM and 4.89 µM, respectively, THCMA is 
about 1,030-fold that of PSI-697, which is good for the 
development of an oral drug.

THCMA is a New Small-Molecule 
P-Selectin Inhibitor
UV-Spectrum Changes in P-Selectin upon Binding of 
THCMA
The direct binding interactions of THCMA and PSI-697 
with P-selectin were demonstrated with UV spectra 
in vitro. Figure 2A and C show that P-selectin exhibited 
absorbance at 280nm, while PSI-697 and THCMA exhib-
ited little absorbance at 280 nm. Figure 2B and D show 
that both PSI-697 and THCMA concentration-dependently 
reduced the UV-absorption intensity of P-selectin at 280 
nm. THCMA and PSI-697 mixed at both 1:1 (Figure 2E) 
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and 1:3 (Figure 2F) concentration-dependently 
caused hypochromic effects in P-selectin at 280 nm. 
These results imply that THCMA binds to P-selectin in 
a similar way to PSI-697.

Protein UV absorbance comes mainly from the aro-
matic residues tryptophan and tyrosine.39 The binding 
site of PSI-697 and THCMA on P-selectin is surrounded 
by multiple tyrosine residues: Tyr5, Tyr10, Tyr18, Tyr44, 
Tyr45, Tyr48, Tyr49, and Tyr94 (Figure 2G). The hypo-
chromic effect of P-selectin on UV absorbance could have 
been the influence of the binding of PSI-697 or THCMA.

Competitive Binding of THCMA with P-Selectin 
Against PSGL1 on HL60
The competitive binding ability of THCMA with 
P-selectin against the natural ligand — PSGL1 expressed 
on HL60 cells — was tested with ELISA. Representative 
images of adhered HL60 cells in plates observed under 
microscopy are shown in Figure 2J–M. Based on spherical 
cells with smooth edges, the number of adhered HL60 
cells in (Figure 2J–M) was 165, 63, 54, and 43, respec-
tively. Figure 2H shows that HL60 cell numbers adhered 
to the fixed P-selectin on ELISA plates were significantly 
reduced in the presence of THCMA or PSI-697. The 
inhibition rates of THCMA and PSI-697 at 25 μM were 
67.04% and 59.69%. The inhibition rate of THCMA at 
100 μM was significantly increased to 73.41%. The inhibi-
tion rate of PSI-697 at 100 μM was not recorded, because 
of its limited solubility. Analysis of these results shows 
that the inhibitory effect of THCMA on P-selectin 
was comparable to PSI-697 at 25 μM, while the inhibitory 
effect of THCMA on P-selectin was significantly increased 
at 100 μM.

THCMA Molecules Assemble as 
Nanorings
Self-assembly of amphiphiles into nanostructures is driven 
by various physical interactions, such as hydrophobic 
effects, intermolecular π–π interactions, electrostatic inter-
actions, van der Waals interactions, and hydrogen 
bonds.40,41 We analyzed the probable self-assembly pro-
cess of the amphiphilic organic molecule THCMA.

THCMA Molecules Aggregate as Tetramers in Water
FT-ICR MS spectra are useful in exploring the intermole-
cular association of small molecules. To explore self- 
assembly, a solution of THCMA in methanol (1 nM) was 
tested with FT-ICR MS. The relationship between 

polymers was explored using a qCID spectrum. 
Figure 3A shows THCMA molecules exhibited as mono-
mers (318.14566), dimers (635.28299 minus H), tri-
mers (952.42258 minus H), and tetramers (1269.56151 
minus H). The qCID spectrum of the tetra-
mers (1,269.56151 minus H) showed the trimer, dimer, 
and monomer peaks. These results show that THCMA 
monomer can aggregate into dimers, trimers, and 
tetramers in water.

To characterize the molecular assembly pattern of 
THCMA, the NOESY 2D 1H NMR spectrum was ana-
lyzed, and three interesting cross-peaks are marked with 
red circles in Figure 3B. These cross-peaks reflect the 
intermolecular interactions of 3-H and 6-H, 4-H and 6-H, 
and 10-H and 6-H, and mean that interaction distances 
between these hydrogens were <5 Å.

Based on the interaction information, four energy- 
minimized monomers of THCMA were constructed into 
a tetramer fulfilling these interaction requirements. The 
THCMA tetramer presented a ring-shaped conformation 
of about 2.1 nm in diameter. The top view and side view of 
the tetramer are shown in Figure 3C.

THCMA Molecules Assemble as Nanorings
To visualize the nanofeatures of THCMA, TEM and SEM 
images were captured on 0.1 μM of THCMA solution water 
solution at pH 7 and its lyophilized powder. TEM showed 
that THCMA formed tiny nanoparticles of approximately 2– 
3 nm in diameter, which in turn assembled into pearl neck-
lace–like nanorings in of around 100 nm diameters 
(Figure 4A). Analysis of 400 nanoparticles in the TEM 
image showed nanoparticle-size distribution of 94.83 
±22.76 nm (Figure 4B). The diameter of the tiny nanoparti-
cles in TEM image (2–3 nm) was approximately the dia-
meter of the bilayer formed by two THCMA tetramers. SEM 
showed that THCMA forms hollow nanorings in diameters 
of around 100 nm (Figure 4C). Analysis of 400 nanoparti-
cles in the SEM image shows a nanoparticle size distribution 
of in 99.53±23.69nm (Figure 4D). A probable self-assembly 
process is proposed in Figure 4E. The amphiphilic organic 
molecule THCMA self-assembled as a bilayer nanoring with 
the lipophilic parts exposed to the aqueous environment 
(Figure 4E). The formation of the THCMA nanostructure 
is good for drug-delivery efficiency.

Nanoproperties of Aqueous THCMA
The nanofeatures of THCMA water solution was charac-
terized with the Tyndall effect excited by 650 nm laser, 

International Journal of Nanomedicine 2021:16                                                                                   https://doi.org/10.2147/IJN.S316863                                                                                                                                                                                                                       

DovePress                                                                                                                       
5783

Dovepress                                                                                                                                                             Feng et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Figure 2 UV spectra of P-selectin influenced by the binding of THCMA and competitive binding of THCMA to P-selectin against PSGL1 expressed on HL60 cells. (A) UV spectra of sP- 
selectin and PSI-697 (2 μM, 20 μM). (B) UV spectra of increasing amount of PSI-697 with sP-selectin. (C) UV spectra of sP-selectin and THCMA (2 μM, 20 μM). (D) UV spectra of 
increasing amount of THCMA with sP-selectin. (E) UV spectra of sP-selectin and 1:1 mixture solution (THCMA:PSI-697 1:1, total 2 μM, 20 μM). (F) UV spectra of increasing amount of 
1:1 mixture solution with sP-selectin. (G) UV spectra of sP-selectin and 1:3 mixture solution (THCMA:PSI-697 1:3, total 2 μM, 20 μM). (H) UV spectra of increasing amount of 1:3 
mixture solution with sP-selectin. (I) Multiple P-selectin tyrosine residues located adjacent to the binding site of THCMA, perhaps attributable to the UV spectra changes of P-selectin. (J) 
Microscopy of HL60 cells adhered to fixed P-selectin treated with NS. (K) Microscopy of HL60 cells adhered to fixed P-selectin treated with 25 μM PSI-697. (L) Microscopy of HL60 cells 
adhered to fixed P-selectin treated with 25 μM THCMA. (M) Microscopye of HL60 cells adhered to fixed P-selectin treated with 100 μM THCMA. (N) HL60 cell numbers adhered to the 
fixed P-selectin on ELISA plates in the presence and absence of THCMA and PSI-697.
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particle size over 7 days, and ζ-potentials. It can be seen in 
Figure 5A and F that ultrapure water of various pH 
exposed to 650 nm laser did not exhibit a Tyndall effect. 
Figure 5B–E, and 5G–J indicate that the Faraday–Tyndall 
effect occurred at various concentrations of THCMA 

solutions (10, 1, 0.1, and 0.01 μM) at both pH 7 and 2. 
These results imply that THCMA exhibits as nanoparticles 
at pH 7 and pH 2 (gastric fluid).

The ζ-potentials of 10, 1, 0.1 and 0.01 μM THCMA 
solutions at pH 7 were −11.9mV, −19.1mV, −17.6mV, and 

Figure 3 FT-ICR-MS, qCID, NOESY spectra, and THCMA tetramer: (A) FT-ICR-MS spectrum presents peaks of THCMA monomer (318.14566), dimer (635.28299 minus 
H), trimer (952.42258 minus H), and tetramer (1,269.56151 minus H). qCID spectrum of the THCMA tetramer (1,269.56151 minus H) splits into peaks of trimer, dimer, and 
monomer. (B) NOESY 2D 1H NMR spectrum presents three cross-peaks in red circles reflecting the intermolecular interactions between 3-H and 6-H, 4-H and 6-H, and 
10-H and 6-H. (C) Top view and side view of the constructed THCMA tetramer (CPK model) fulfilling NOESY interaction requirements. 
Abbreviation: NOESY, nuclear Overhauser–effect spectroscopy.
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Figure 4 TEM and SEM images, nanoparticle-size distribution, and proposed self-assembly pattern of THCMA nanostructure. (A) TEM of 0.1 μM THCMA water solution at 
pH 7. (B) Statistical nanoparticle size distribution of THCMA on TEM (n=400). (C) SEM of lyophilized powder of THCMA. (D) Nanoparticle size distribution of THCMA 
on SEM (n=400). (E) Proposed self-assembly pattern of THCMA nanostructure. 
Abbreviations: TEM, transmission electron microscopy; SEM, scanning electron microscopy.
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−23.7mV, respectively (Figure 5K–N). The ζ-potential of 
pH 7 THCMA water solution at 10 μM was lower than 
those at 1 μM, 0.1 μM, and 0.01 μM. A possible reason is 

that higher concentrations of THCMA water solution 
had more tendency to aggregate and coagulate. 
Nanoparticle sizes in pH 7 THCMA solutions (10, 1, 0.1, 

Figure 5 Tyndall effect excited by 650 nm laser (A–J), ζ-potential (K–N) and particle size of THCMA in water over time (O and, P): (A) ultrapure water; (B) 10 μM of 
THCMA water solution at pH 7.0; (C) 1 μM of THCMA water solution at pH 7; (D) 0.1 μM THCMA water solution at pH 7; (E) 0.01 μM THCMA water solution at pH 7; 
(F) HCl solution at pH 2; (G) 10 μM THCMA water solution at pH 2; (H) 1 μM THCMA water solution at pH 2; (I) 0.1 μM THCMA water solution at pH 2; (J) 0.01 μM 
THCMA water solution at pH 2; (K) ζ-potential of THCMA water solution (pH 7, 10 μM); (L) ζ-potential of THCMA water solution (pH 7, 1 μM); (M) ζ-potential of 
THCMA water solution (pH 7, 0.1 μM); (N) ζ-potential of THCMA water solution (pH 7, 0.01 μM); (O) Particle size of THCMA water solutions over 7 days at pH 7 (10, 1, 
0.1, and 0.01 μM); (P) particle size of THCMA solutions over 7 days at pH 2 (10, 1, 0.1, and 0.01 μM).
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and 0.01 μM) fluctuated (350–450nm over 7 days, 
Figure 5O), while pH 2 THCMA solutions (10, 1, 0.1 
and 0.01 μM) also fluctuated (350–650nm over 7 days, 
Figure 5P). These results indicate that THCMA solutions 
maintained more stable nanoparticles in pH 7 than pH 2.

Anti–Arterial Thrombosis Activity of 
THCMA In Vivo
THCMA was given orally to rats in the arteriovenous 
shuntsilk-thread model to evaluate its anti–arterial throm-
bosis activity. It can be seen in Figure 6A that 5 μmol/kg 
P-selectin inhibitor PSI-697 effectively inhibited the for-
mation of arterial thrombus in rats. However, THCMA 
exhibited better oral efficacy than PSI-697 at 100-fold 
lower dosage. The oral efficacy of THCMA dose- 
dependently increased. The anti–arterial thrombosis 
activity of 0.05 μmol/kg THCMA shows no significant 
difference with 167 μmol/kg aspirin (positive control). 
These results suggested >100-fold improved oral efficacy 
of THCMA over PSI-697 in inhibiting the formation of 
arterial thrombus.

Anti–Venous Thrombosis Activity of 
THCMA In Vivo
THCMA was given orally to rats in the IVC-ligation model 
to evaluate its anti–venous thrombosis activity. It can be 
seen in Figure 6B that 5 μmol/kg PSI-697 and 0.05 μmol/kg 
THCMA decreased the venous thrombus weight of rats to 
a similar level. Oral treatment of 0.5 μmol/kg THCMA 
showed no significant difference to oral treatment of 4.87 
μmol/kg warfarin (positive control) on venous thrombus 
weight. Moreover, the oral anti–venous thrombosis activity 
of THCMA was significantly improved with increased 
dosage. These results suggest that the oral efficacy of 
THCMA is tenfold that of warfarin and 100-fold that of 
PSI-697 in inhibiting the formation of venous thrombus.

Bleeding-Risk Evaluation of THCMA
The bleeding risk of THCMA was evaluated by the bleed-
ing time of rat tails. Figure 6C shows that oral treatment of 
4.87 μmol/kg warfarin in venous thrombosis assays caused 
prolonged tail bleeding compared to oral treatment of 
3 mL/kg CMCNa in the negative-control group rats, 
which indicates the bleeding risk of warfarin. On the 
contrary, oral treatment of 5 μmol/kg THCMA or PSI- 
697 did not increase bleeding time, which excludes their 
bleeding risk.

Influence on Coagulation Function of 
THCMA
To test the influence of THCMA on coagulation function 
sera of rats from venousthrombosis assays were tested for PT, 
TT, APTT, and Fib. Figure 6D shows that these values after 
oral treatment of 5 μmol/kg THCMA or PSI-697 were not 
significantly different from the negative-control group. 
However, the rats exhibited unusual APTT values after oral 
treatment of 5 μmol/kg warfarin. These results suggest that 
coagulation function was not influenced by oral treatment of 
5 μmol/kg THCMA and PSI-697.

Anti-Inflammation Activity of THCMA In 
Vivo
THCMA was given orally to mice in a xylene-induced ear- 
edema model to evaluate its anti-inflammation activity. In 
the assay, CMCNa was used as blank control and aspirin 
as positive control. To examine the relationship between 
anti-inflammation activity and P-selectin inhibition, the 
anti-inflammation activity of PSI-697 was tested. 
Figure 7A shows that the inhibition level of THCMA on 
ear-edema of mice was significantly enhanced with 
increased dosage. Oral treatment of 0.5 μmol/kg 
THCMA, 5 μmol/kg PSI-697, and 1,110 μmol/kg aspirin 
exhibit similar inhibition levels. Oral treatment of 5 μmol/ 
kg THCMA presented significantly higher anti- 
inflammation activity than 5 μmol/kg PSI-697. THCMA 
showed tenfold-enhanced anti-inflammation activity com-
pared to PSI-697, and anti-inflammation activity 
was related to the P-selectin inhibition of THCMA.

Anti–Tumor Growth Activity of THCMA 
In Vivo
THCMA was given orally to S180-bearing mice to evaluate 
its in vivo antitumor activity. Figure 7B shows that tumor 
weight after oral treatment of 5 μmol/kg/day THCMA 
was significantly less than with 5 μmol/kg/day PSI-697. 
There was no significant difference in tumor weight 
between 5 μmol/kg/day THCMA and 2 μmol/kg/day Dox. 
These results imply that oral treatment with THCMA and 
PSI-697 exhibit potential in slowing tumor growth, and 
THCMA exhibits similar antitumor activity to Dox 
and better antitumor activity than PSI-697.

Systemic Toxicity of THCMA
To evaluate the systemic toxicity of THCMA, body 
weight and organ:body-weight ratio of S180-bearing 

https://doi.org/10.2147/IJN.S316863                                                                                                                                                                                                                                    

DovePress                                                                                                                                         

International Journal of Nanomedicine 2021:16 5788

Feng et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


mice were calculated to evaluate body and organ atro-
phy. Figure 7C shows that the body weight of mice 
treated with THCMA was similar to that of CMCNa, 
while the body weight of mice treated with Dox 
was significantly less than that of CMCNa. Figure 7D 
shows that the liver:body-weight ratio and spleen:body- 
weight ratio of mice treated with THCMA were similar 
to that of CMCNa, but significantly higher than that of 
Dox. These results mean that THCMA does not exhibit 
systemic toxicity, while Dox does.

Downregulation of sP-Selectin and TNFα 
Expression by THCMA In Vivo
sP-selectin is the extra membrane domain of P-selectin shed 
from the plasma membrane. The expression level of sP- 
selectin is considered a biomarker of inflammation, platelet 
activation, and vascular and thrombotic diseases.42–44 To 
reveal the correlation of THCMA’s P-selectin inhibition 
activity with its antithrombosis, anti-inflammation, and anti-
tumor activity, in vivo expression levels of sP-selectin and 
TNFα were examined. Figure 8A–D show that expression 

Figure 6 Antithrombosis activity and bleeding-risk, and coagulation-risk evaluations of THCMA. (A) Anti-arterial thrombosis activity of THCMA (n=10); (B) antivenous 
thrombosis activity of THCMA (n=10); (C) bleeding risk of THCMA (n=10); (D) coagulation indices (PT, TT, APTT, Fib) of THCMA (n=6). 
Abbreviations: Asp, aspirin; PT, prothrombin time; TT, thrombin time; APTT, activated partial thromboplastin time; Fib, fibrinogen.
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levels of sP-selectin in arterial thrombosis rats, venous 
thrombosis rats, S180 mice, and ear-edema mice 
had similar patterns. sP-selectin expression in animals trea-
ted with THCMA or PSI-697 were significantly lower than 
in animals treated with negative or positive control. 
Expression of sP-selectin was downregulated to a similar 
extent after treatment with THCMA or PSI-697 in venous 
thrombosis rats, S180 mice, and ear-edema mice. These 

results indicated that in vivo antithrombosis, antitumor, and 
anti-inflammation activity of THCMA and PSI-697 were 
directly related to their P-selectin inhibition activity. It is 
worth noting that expression of sP-selectin in arterial throm-
bosis rats in the THCMA group was significantly lower than 
the PSI-697 group, which implies that the anti–arterial 
thrombosis activity was more sensitive to P-selectin inhibi-
tion. THCMA exhibited stronger downregulation of sP- 

Figure 7 Anti-inflammation and antitumor activity and systemic toxicity of THCMA. (A) Anti-inflammation activity of THCMA (n=10); (B) antitumor activity of THCMA 
(n=6); (C) effect of THCMA on body weight in S180-bearing mice (n=8); (D) effect of THCMA on organ:body-weight ratios of S180-bearing mice (n=8). 
Abbreviations: Asp, aspirin; Dox, doxorubicin.
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selectin than PSI-697. This means that THCMA has more 
potential in inhibiting arterial thrombosis, which is in accor-
dance to the in vivo data.

TNFα levels were significantly decreased in ear-edema 
mice treated with aspirin and P-selectin inhibitors THCMA 
and PSI-697, and significantly lower in mice treated with 5 
µmol/kg P-selectin inhibitors than mice treated with 1110 
µmol/kg aspirin (Figure 8E). These results imply that inhibi-
tion of P-selectin may also indirectly inhibit inflammation 
by downregulating the expression of TNFα in mice, which is 
closely related to inflammation.

In Vitro Antiplatelet Activity of THCMA
To further study the mechanism of THCMA inhibiting arter-
ial thrombosis and tumor growth,2 the antiplatelet activity of 
THCMA was evaluated in two ways: AFM of platelets in the 
presence and absence of THCMA and in vitro platelet- 
aggregation assay. Figure 9A shows resting rat platelets on 

AFM. It can be seen that most platelets were scattered and 
unaggregated. The curve at the top represents height changes 
across the surface of the single platelet marked by the red 
square. The curve is smooth, indicating that the platelet 
surface is smooth. Figure 9B shows rat platelets activated 
by AA on AFM. It can be seen that most platelets were 
aggregated and the surface of the activated platelet was still 
smooth. Figure 9C–E shows AFM of rat platelets activated 
by AA in the presence of 10, 1, and 0.1 μM THCMA, 
respectively. Aggregation of rat platelets was dose- 
dependently inhibited in the presence of THCMA. The 
height curves at the top of Figure 9C–E show 
differences of 120.92, 110.97, and 91.98 nm, respectively. 
These results imply the adhesion of THCMA nanoparticles 
on the surface of platelets.

The anti–platelet aggregation activity of THCMA and 
PSI-697 were assessed by inhibition rates of platelet 
aggregation in the presence of THCMA and PSI-697. 

Figure 8 Expression levels of sP-selectin and TNFα in vivo (n=8). (A) sP-selectin expression in arterial thrombosis rats; (B) sP-selectin expression in venous thrombosis 
rats; (C) sP-selectin expression in S180 mice; (D) sP-selectin expression in ear-edema mice; (E) TNFα expression in ear-edema mice.
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Figure 9F shows that inhibition was 51.43%, 85.28%, and 
91.05% in the presence of 0.5, 5, and 50 μM of THCMA, 
respectively, and 7.65%, 31.93%, and 60.26% in the pre-
sence of 0.5, 5, and 50 μM PSI-697, respectively. These 
results indicate that THCMA can effectively inhibit plate-
let aggregation and significantly enhance anti–platelet 
aggregation activity compared to PSI-697.

Discussion
Several studies have shown that PSI-697 exhibits oral activ-
ity for the treatment of atherosclerosis, restenosis and venous 
thrombosis in animals,20,21,45–47 while its activity and solu-
bility need improvement. In the present work, we designed 
a new small-molecule THCMA as a P-selectin inhibitor. 
THCMA contains two pharmacophores of PSI-697 con-
nected by a linker (Figure 1C). Two pharmacophores were 
designed for oral activity as a P-selectin inhibitor, and con-
nected with a linker to form an amphiphilic molecule for 

improved solubility as an oral drug and improved drug 
delivery through self-assembly into nanomedicine. The solu-
bility test showed that the maximum water solubility of 
THCMA was 1,030-fold that of PSI-697, which is good for 
the development of an oral drug active in vessels.

THCMA Confirmed as a New 
Small-Molecule P-Selectin Inhibitor
In silico molecular docking studies suggested that the two 
pharmacophores of THCMA bound at the Tys48 binding 
site and interacted with P-selectin in a similar way to PSI- 
697 (Figure 1D). In vitro UV spectra (Figure 2A–D) also 
showed that THCMA and PSI-697 directly interacted with 
P-selectin in a similar way, which verifies the rationality of 
the drug design of THCMA. In vitro competitive binding 
assays show that THCMA competitively inhibited the 
binding of P-selectin with ligand PSGL1 (Figure 2H). 
The in vitro inhibitory effect of THCMA on P-selectin 

Figure 9 AFM images of platelets at various states with the height of marked platelet shown at top, and anti–platelet aggregation activity of THCMA in vitro. (A) AFM of rat 
platelets at resting state; (B) AFM of rat platelets activated by AA; (C) AFM of rat platelets activated by AA in the presence of 10 μM THCMA; (D) AFM of rat platelets 
activated by AA in the presence of 1 μM THCMA; (E) AFM of rat platelets activated by AA in the presence of 0.1 μM THCMA; (F) anti–platelet aggregation activity of 
THCMA and PSI-697 in vitro (n=6). 
Abbreviation: AA, arachidonic acid.
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was comparable to PSI-697 at 25 μM, which is in accor-
dance with the results of molecular docking and UV spec-
tra. However, because of its improved solubility, THCMA 
achieved significantly higher inhibition at 100 μM. In vivo 
downregulation of sP-selectin levels in arterial thrombosis 
rats, venous thrombosis rats, S180 mice, and ear-edema 
mice also support the P-selectin inhibitory effect of 
THCMA (Figure 8A–D). Results from these three experi-
ments confirmed that our aim of designing THCMA as 
a new small-molecule P-selectin inhibitor had been 
achieved.

Nanoring Structure Supports THCMA as 
a Nanomedicine
Small molecule nanomedicines are directly assembled from 
pharmaceutical molecules with or without minimum excipi-
ents, which can largely improve drug-delivery efficiency and 
biosafety.48 TEM and SEM of THCMA (Figure 4) show that 
THCMA self-assembled into nanorings about 100 nm in 
diameter. The Tyndall effect, ζ-potential, and particle-size 
tests (Figure 5) also confirmed that THCMA functioned as 
a stable small-molecule nanomedicine at various concentra-
tions in both a neutral environment (pH 7) and an acidic 
environment like gastric fluid (pH 2). The mechanism of the 
self-assembly of nanorings was proposed according to the 
results of FT-ICR-MS, NOESY 2D 1H NMR (Figure 3) and 
the morphology of THCMA on TEM and SEM. Amphiphilic 
organic molecules THCMA self-assembled into a bilayer 
nanoring with the lipophilic parts exposed to an aqueous 
environment (Figure 4E). The formation of THCMA nano-
medicine could help to improve its drug-delivery efficiency. 
These results indicate that our aim of designing THCMA as 
an amphiphile to form nanomedicine had been achieved.

THCMA Effectively Inhibits Thrombosis, 
Inflammation, and Tumor Growth
P-selectin is considered a promising therapeutic target for 
antithrombosis and anti-inflammation drugs. The blockade of 
P-selectin has also been proved to inhibit tumor growth and 
metastasis in mice.8 Compared to the oral P-selectin inhibitor 
PSI-697, the new small-molecule P-selectin inhibitor 
THCMA exhibited significantly improved anti–arterial 
thrombus, anti–venous thrombus, anti-inflammation, and 
antitumor activity. Its oral anti–arterial and anti–venous 
thrombus activity was >100-fold that of PSI-697 
(Figure 6A and B), oral anti-inflammation activity greater 
than tenfold that of PSI-697 (Figure 7A), and oral antitumor 

activity significantly better than PSI-697 (Figure 7B). 
THCMA possesses similar pharmacophores to PSI-697. 
The improvement in activity could be related to its good 
solubility. The self-assembly of THCMA into nanomedicine 
may also have contributed to the largely enhanced in vivo 
activity by improving drug-delivery efficiency.

In vivo results demonstrated that THCMA was highly 
potent in inhibiting venous thrombosis. Inhibition of venous 
thrombosis occurred at a dose that produced no significant 
changes in TT, PT, APTT or Fib and no prolonged tail- 
bleeding time (Figure 6C and D). Bleeding and coagulation 
disorders are the major risks of warfarin. These results 
suggest that THCMA has the potential to be developed as 
an alternative to warfarin as an anti–venous thrombosis 
agent. THCMA nanoparticles were found on platelet 
surfaces with AFM (Figure 9C–E). THCMA exhibited sig-
nificantly enhanced anti–arterial thrombosis activity and 
anti–platelet aggregation activity over PSI-697 (Figure 6A 
and F). The mechanism of THCMA’s anti–arterial thrombo-
sis activity could be related to its antiplatelet activity.

THCMA exhibited slightly more enhancement of anti- 
inflammation and antitumor activity than PSI-697. The 
mechanism of the anti-inflammation activity of THCMA 
could be related to the downregulation of the inflammatory 
mediator TNFα in animal models (Figure 8E). The antitumor 
activity of THCMA was comparable to Dox. Moreover, 
THCMA exhibited no systemic toxicity, while Dox does. 
Venous thromboembolism is the second–most prevalent 
cause of death in cancer patients.49 Since THCMA possesses 
inhibitory effects on both venous thrombosis and tumor pro-
liferation, it has the potential to be developed into a dual- 
function drug treating cancer patients associated with venous 
thrombosis.

Conclusion
A new small-molecule P-selectin inhibitor — THCMA — 
was successfully designed as a nanomedicine, showing lar-
gely enhanced solubility and oral efficacy over the clinical 
trial drug PSI-697. Our results suggest that THCMA self- 
assembles into nanorings of approximately 100 nm in dia-
meter. THCMA’s water solubility was about 1,030-fold that 
of PSI-697, oral efficacy 100-fold that of PSI-697 in inhibit-
ing arterial and venous thrombosis, and tenfold that of PSI- 
697 in inhibiting inflammation. Furthermore, unlike warfarin, 
THCMA inhibited venous thrombosis without coagulation 
disorders and bleeding risk. More interestingly, THCMA 
possesses comparable antitumor activity to Dox without caus-
ing systemic chemotherapy toxicity. THCMA has the 
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potential to be developed as a therapeutic agent for the oral 
treatment of arterial thrombosis, venous thrombosis, inflam-
mation, and cancer-associated thrombosis.
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