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a b s t r a c t

Amphiphilic chitosan derivative (SA-chitosan), water insoluble chitosan modified with salicylic acid (SA),
possessed both antiplatelet aggregation and adhesion properties. Chemical structure was characterized
by FTIR and 1H NMR. The SA substitution degree calculated by 1H NMR was 70.8%. SA-chitosan can form
micelles (size: 292 ± 2 nm). The Critical aggregation concentration (CAC) value (1.216 × 10−4 mg/mL) and
zeta potential (52 mV) indicated that they had excellent dispersion stability. TEM image suggested that
the micelles were almost spherical. The result of in vitro antiplatelet activity revealed that the potential
eywords:
ntiplatelet aggregation and antiplatelet
dhesion
hitosan

platelet aggregation inhibitory activity by different agonists was in a dose-dependent manner. At low SA-
chitosan concentrations, antiplatelet aggregation capability of SA-chitosan was better than that of low-
dose aspirin. The platelet adhesion test showed significant difference between the effect of SA-chitosan
and that of the control group (p < 0.05). These results indicated that SA-chitosan can be potentially used

tion
anoparticles
olymer–drug conjugate

as an antiplatelet aggrega

. Introduction

Salicylic acid (SA), the forerunner of aspirin (acetyl-salicylic
cid), is a significant hydroxybenzoic acid with anti-inflammatory,
ain-relieving, analgesic, astringent, anti-rheumatic and anticar-
inogenic properties. However, the therapeutic use of SA is limited
y its poor solubility and digestive problems, such as gastro-enteric
ucosa irritation. Accordingly, great endeavors have been devoted

o overcome these disadvantages. As well known, aspirin, a widely
sed drug, presents the properties of anti-inflammatory and anti-
eptic, as well as inhibits platelet aggregation in clotting blood
rocess. Thus, it is widely utilized to decrease the risk of arte-
ial thrombosis by selectively blocking important platelet enzymes
r receptors, and to prevent myocardial infarction and treat-
ent of unstable angina (Bryers et al., 2006; Patrono, Rodriguez,

andolfi, & Baigent, 2005). However, it would show mucosa irri-
ation to some extent if one takes the oral aspirin for a long

ime, and it is poor water-soluble. In addition, it has given rise to
n intractable problem, namely, aspirin resistance that has been
bserved in patients with coronary artery disease. Depending on
ifferent definition of aspirin resistance, the prevalence of aspirin

∗ Corresponding authors. Tel.: +86 20 85280292/760 88873385.
E-mail addresses: jgb3h@163.com (G.-B. Jiang), songkui2001@163.com (K. Song).

1 These authors contributed equally to this work.

144-8617/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
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and adhesion agent.
© 2011 Elsevier Ltd. All rights reserved.

resistance can range from 5.5% to 60% (Takahashi et al., 2007).
Therefore, new strategies that can reduce side effect and improve
the solubility of antiplatelet agents based on salicylic acid are
expected.

Recently, polymer micelles which are formed by self-
aggregation of bio-degradable copolymers or grafting polymers
to be employed as versatile vehicles, have been gained univer-
sal attention in pharmaceutical and biomedical fields in view of
their distinct characters, such as small size and shell–core struc-
ture. Their minute size can avoid the recognition and clearance
by mononuclear phagocyte, enhance the penetration of biologi-
cal membranes, and prolong the circulation half-life, making them
suitable for systemic administration and bringing about reduction
in the frequency of drug use (Kwon & Okano, 1996; Wiraharma,
Zhang, Venkataraman, Hedrick, & Yang, 2009; Zhang et al., 2008).
Therefore, several studies about antiplatelet agents were reported.
For instance, aspirin was solubilized through polymer micelles,
but their high operate cost would limit its further application in
pharmaceutical industry (Kumar, Muzzarelli, Muzzarelli, Sashiwa,
& Domb, 2004). Shrivastava et al. (2009) reported that the sil-
ver nanoparticles had antiplatelet properties, but their antiplatelet
adhesion property had not been investigated. On the other hand,
in particular, considering the biocompatibility and biodegradabil-

ity, increasing attention has been paid to the natural abundant
polymer. However, few reports utilized natural polymer or their
derivatives to act as an antiplatelet aggregation and antiplatelet
adhesion agent.

dx.doi.org/10.1016/j.carbpol.2011.11.089
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:jgb3h@163.com
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Chitosan, a natural biodegradable, biocompatible and non-
oxic cationic polysaccharide, is derived from chitin, but it is
ater-insoluble. However, its plentiful free amino groups made

t available for preparing a series of polymer micelles with
xcellent performance and unique properties via introduction of
arious hydrophobic and/or hydrophilic groups. Thus, tremen-
ous effort has been offered to the chemical modification of
hitosan to improve its soluble property, and there is increasing
nterest in employing chitosan and its derivatives as potent drug
elivery and diverse devices in biomedical engineering (Kumar,
000; Kumar, Chen, et al., 2004; Martin et al., 2002; Muzzarelli
t al., 2012).Medicaments based on chitosan derivatives or other
olymers having both antiplatelet aggregation and antiplatelet
dhesion function simultaneously are not known. Scope of the
resent paper is the preparation and the characterization of
ater-soluble polymeric micelles based on chitosan modified with

alicylic acid.

. Materials and methods

.1. Materials

Chitosan (MW 250 kD, degree of deacetylation = 90%) was
urchased from Sanland Chemical Co., Ltd. (Los Angel, USA).
alicylic acid was provided by Tianjin Chemical Co., Ltd.
Tianjin, China). DAMP, pyrene and N-(3-dimethylaminopropyl)-
′-ethylcarbodiimide hydrochloride (EDC) were obtained from
igma (St. Louis, MO). All chemicals were of analytical grade and
ere used without further purification. The water used was double
istilled water.

.2. Preparation of SA-chitosan

2.0 g of chitosan was dissolved in 200 mL of 1% acetic acid solu-
ion, and was diluted with 200 mL ethanol, followed by the addition
f certain amount of salicylic acid. Afterward, EDC and DAMP were
dded. The resultant mixture was keep stirring for 24 h, followed
y removal of ethanol at 45 ◦C under vacuum distillation, then

yophilized. Finally, the product was washed with ethanol for sev-
ral times to removed the unreacted salicylic acid, EDC and DMAP,
nd dried under vacuum at 45 ◦C.

.3. Instrumental analyses

Fourier transform infrared (FT-IR) spectra of the polymer sam-
les were recorded on a Nicolet 6700 Infrared Detector (Thermo
isher Scientific, USA). Dry powder of chitosan, SA-chitosan, sal-
cylic acid/chitosan mixture (50%, w/w) and salicylic acid were

ixed with KBr, and were pressed to a plate for measurement.
1H NMR spectra were obtained by using a Bruker AV-600 MHz

pectrometer (Bruker Analytik GmbH, Germany). Chitosan was dis-
olved in a mixed solvent of CCl3COOD and D2O, while SA-chitosan
as dissolved in D2O to get spectrum of polymer micelles. Salicylic

cid was dissolved in DMSO.
The substitution degree of salicylic acid was calculated by the

H NMR spectrum of SA-chitosan. The ratio of the intensity of the
eak at ı = 6.97–7.84 ppm (aromatic ring protons of salicylic acid) to
hat at ı = 3.04 ppm (H-2 protons of chitosan) was used to evaluate
he substitution degree of salicylic acid, which was defined as the
umber of aromatic ring groups per 100 sugar residues of chitosan
Jiang, Quan, Liao, & Wang, 2006; Liu, Chen, Lin, & Liu, 2006).

TG curves were obtained using a TG 209 F3 Tarsus (Netzsch,

ermany) under a flow of nitrogen gas.

Fluorescence spectra were investigated by using a F-4500 FL
pectrophotometer (Hitachi, Japan) at 20 ◦C. The sample solution
as performed prepared as the following method (Kwon et al.,
lymers 88 (2012) 232–238 233

2003): 20 mg of SA-chitosan was dissolved in 10 mL of double dis-
tilled water, then was sonicated.

The pyrene was dissolved in tetrahydrofuran (THF)
(3.0 × 10−2 M). The pyrene solution was diluted with certain
amount of double distilled water and the THF was removed under
vacuum at 30 ◦C for 2 h to obtain the pyrene concentration of
1.2 × 10−6 M. A pyrene concentration in the final sample solution
of 6.0 × 10−7 M, this solution was mixed with the same volume
of SA-chitosan solutions, resulting in the final sample solution
with a pyrene concentration (6.0 × 10−7 M). The concentrations
of sample solutions were in the range from 1.6 × 10−3 mg/mL to
2.56 × 10−7 mg/mL. The spectra of pyrene emission were obtained
to measure the CAC of SA-chitosan micelles. The excitation (�ex)
and emission (�em) wavelengths were set at 336 nm and 456 nm,
and the slit widths for emission and excitation were at 2.5 nm and
10.0 nm, respectively, while the scan speed was set at 240 nm/min.

The size and zeta potential of the SA-chitosan micelles were
measured by using a dynamic light scattering (DLS) measurement
at 25 ◦C on a Zetasizer 3000 HS/HPL (Malvern Instruments Co., Ltd.,
UK). Sample solutions were dissolving 10 mg of SA-chitosan power
into 10 mL double distilled water, followed by the filtration through
a 0.45 �m syringe filter.

2.4. Morphology

The morphology of SA-chitosan micelles was observed by using
TEM image on a JEM1400 electron microscope (JEOL, Japan). SA-
chitosan was dissolved in double distilled water, followed by
placing a drop of sample solution onto a 200 mesh copper grid
coated with carbon, and then removed surface water with a filter
paper, finally, air-dried for 5 min. The micelles were deposited on
the grid, then the application of methylamine tungstate negative
staining for 2 min.

2.5. In vitro platelet aggregation assay

Blood samples were taken from healthy volunteers who had
not taken any drugs during the 2 weeks prior to blood sampling.
Blood (ethical approval was obtained from Zhong Shan Hospital,
Sun Yat-sen University) was collected into buffered sodium citrate
(3.8%, w/v) pH 6.5 as the anticoagulant at a ratio of 9:1 (v/v) and
used within 3 h of collection. Aggregation was measured by elec-
trical impedance method. An aliquot of whole blood (0.5 mL) was
diluted with an equivalent volume of isotonic saline and incubated
for 5 min at 37 ◦C. The impedance of each sample was monitored in
sequential 1-min intervals until a stable baseline was established
(<5 mV drift per minute). After a stable baseline was established,
the agonists including ADP (10 �M), AA (10 �M) as well as collagen
(50 mg/L) were then added to the sample, aggregation were moni-
tored for 6 min, and the final increase in ohms over this period was
displayed as a numeric LED readout. The tested compounds of SA-
chitosan, including aspirin, were assayed at various concentrations
(10, 20 and 50 mg/L). The experiments were carried out in triplicate.

2.6. Platelet adhesion test

Platelet adhesiveness in vitro in human was determined by a
global glass rotation method. Briefly, blood was drawn from healthy
volunteer (ethical approval was obtained from Zhong Shan Hos-
pital, Sun Yat-sen University). The anticoagulant was trisodium
citrate 3.8%, 1 part to 9 parts of blood. 1.5 mL citrated control sample

or blood containing 50 mg/L SA-chitosan was rotated in a standard
glass bottle at room temperature for 15 min at 3 rpm. Then, 1 mL
blood was transferred to a tube containing 19 mL solution of sodium
citrate. After 2 h, the supernatants tested for platelet count. The
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ig. 1. FT-IR spectra: (a) chitosan; (b) SA-chitosan; (c) salicylic acid/chitosan mix-
ure (50%, w/w); (d) salicylic acid.

ercentage adhesion was calculated from the difference between
he platelet count before and after rotation in the glass bottle.

.7. Cell cytotoxicity assay

THP-1 cells were cultured in RPMI1640 containing 10% FBS with
ntibiotics at 37 ◦C under 5% CO2 for 24 h, then were seeded in a 96-
ell plate at a density of 8 × 104 cells/well. Samples were added to

ach medium as a concentration stock. After incubation for 24 h,
0 �L of MTT (5 g/L) was added to each well, followed by incu-
ating for 4 h. DMSO (200 �L) was added to each well to dissolve
ny formazan crystals formed. The plates were vigorously shaken
efore the relative color intensity was measured at 492 nm in an
k3 ELISA reader (Thermo Fisher Scientific, USA).

. Results and discussion

The water-solubility of chitosan depends on its molecular
eight. Generally, only the chitosan with Mw lower than 10 kD

xhibits water-soluble property in neutral PH. It is worth noticing
hat the chitosan used in the present study is not oligosaccharide
hitosan, but macromolecule biopolymer, and it is water-insoluble
ue to its strong crystal structure. The intermolecular hydrogen
onds play an essential role in the formation of this crystal struc-
ure. Salicylic acid is water-insoluble too, but after introducing the
alicylic acid into chitosan with high molecular weight, the crystal
tructure of original chitosan is destroyed significantly, resulting in
he water-soluble conjugating derivative, SA-chitosan (Scheme 1).

The FT-IR spectra of chitosan, SA-chitosan, salicylic
cid/chitosan mixture (50%, w/w) and salicylic acid are displayed
n Fig. 1. In the spectrum of original chitosan, the remarkable bands
t 1653.28 and 1599.72 cm−1 correspond to the C O stretching
ibrations (amide I) and N H bending vibrations (amide II), which
re assigned to the residual acetyl group of chitin. Comparing to
he spectrum of pristine chitosan, the spectrum of SA-chitosan
resents significant alterations. Amide I band shifts to 1632 cm−1

lightly, and its intensity is also increased obviously due to the
ormation of amide group between salicylic acid and chitosan,
hile amide II band moves to 1566 cm−1 should be attributed
o the formation of new intermolecular hydrogen bonds. The
ew band appears at 1458 cm−1 which is related to the OH of
enzene ring of salicylic acid can be observed clearly. Besides, it

s also noticeable that the presence of new bands at 807, 768 and
Fig. 2. 1H NMR spectra: (a) chitosan; (b) SA-chitosan in D2O/CCl3COOD; (c) salicylic
acid in DMSO.

707 cm−1 are ascribable to the characteristic bands of benzene
rig of salicylic acid (out-of-plane bending of the ring C H bonds).
Meanwhile, the band around 3380 cm−1 shifts to 3360 cm−1, and
it becomes more intense and narrow, which also indicates that
salicylic acid has been introduced onto chitosan due to the forma-
tion of amide group and the introduction of OH. As Fig. 1c shown,
because of the internal hydrogen bonds, a distinct band of carboxyl
group appears at 1657 cm−1, which is different from the classical
wavenumber of C O of carboxyl group (Silverstein, Webster, &
Kiemle, 2005). The weak band at 3504 cm−1 corresponds to the
chitosan, which makes it distinct from the spectrum of pure sali-
cylic acid. Hence, the discrepancies between spectrum of salicylic
acid/chitosan mixture (50%, w/w) and spectra of SA-chitosan and
chitosan are quite prominent, suggesting that chitosan is modified
with salicylic acid successfully. Moreover, it can be confirmed that
the salicylic acid is highly selective toward NH2 of chitosan owing
to the absence of a band at 1710–1760 cm−1, the signal of O-acyl

ester groups.

The 1H NMR spectra of chitosan, SA-chitosan and salicylic
acid were shown in Fig. 2. Proton assignments for chitosan in
CCl3COOD/H2D (Fig. 2a): ı4.70 to H-1 overlaps D2O, ı3.01 to H-2,
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Scheme 1. Preparat

1.90 = NHCOCH3 (the residual acetyl groups of chitosan), ı3.47–3.74
o the ring protons of chitosan (H-3, 4, 5, 6, 6′). Compared to the
pectrum of chitosan, the new peaks at ı6.00–8.00 that are attributed
o the benzene ring of salicylic acid are observed in the spectrum
f SA-chitosan (Prudencio, Schmeltzer, & Uhrich, 2005). While the
harp peak at ı10.38 that corresponds to the carboxyl groups in
he spectrum of salicylic acid, disappears in the spectrum of SA-
hitosan due to the fact that the carboxyl groups of salicylic acid
articipated in the formation of new amido bond between chi-
osan and salicylic acid. However, the peak of amido bond is hardly
bserved in view of the deuterium exchange. In addition, substitu-

ion degree of salicylic acid calculated by the 1H NMR spectrum of
A-chitosan is 70.8%.

The impacts of the conjugation with salicylic acid on the thermal
tability of chitosan were investigated by thermogravimetry test,

Fig. 3. TG curves: (a) chitosan; (b) SA-g-CS.
ute for SA-chitosan.

and the thermogravimetry (TG) curves of chitosan and SA-chitosan
are shown in Fig. 3. Both the first stage of chitosan (20.17–134.17 ◦C)
and SA-chitosan (20.88–110.88 ◦C) corresponding to the weight
loss of 4.88% and 4.02%, respectively, are ascribable to the evap-
oration of water the samples contain. However, it can be obviously
observed that in the region of 130–190 ◦C which is the common
slight slope segment of the second stage of samples, the weight loss
of chitosan (0.41%) is significantly smaller than that of SA-chitosan
(0.71%) because this process is the decomposition of small molec-
ular segments, including acetyl group and aromatic group, and the
amount of aromatic group is larger than that of acetyl group. Subse-
quently, both chitosan and SA-chitosan display the fast weight loss
process in the third stage, which is attributed to the complicated
process, such as the dehydration of saccharide rings, depolymeriza-
tion, and decomposition of the units of the polymer (Zhang, Ping,
Zhang, & Shen, 2003).

As anticipated, in Fig. 3, the temperature range during the sec-
ond stage in TG curve of SA-chitosan (110–190 ◦C) (Fig. 3b) is
narrow than that of chitosan (134–244 ◦C) (Fig. 3a), resulting from
the less effective intermolecular interactions that the SA-chitosan
contains, especially the hydrogen bonds. These results reveal that
the crystalline structure of original chitosan is destroyed, and thus
reduces the thermal stability. Meanwhile, the result is also con-
firmed by the FTIR analysis. In the spectrum of SA-chitosan, the
band around 3380 cm−1 shifts to 3360 cm−1 (a lower wavenumber)
(Prashanth, Kittur, & Tharanathan, 2002).

Once the crystal structure of chitosan is disrupted, SA-chitosan
becomes amorphous and water-soluble, and the aromatic ring of
salicylic acid serves as the hydrophobic group to decrease the sur-
face free energy (Liu, Chen, Chen, & Liu, 2009), while the ionized
free NH2 groups act as the hydrophilic groups, resulting in strong
self-aggregate ability of SA-chitosan. The self-aggregation behavior
of surfactant and polymer micelles are investigated by employ-
ing pyrene as fluorescence probe by virtue of its poor solubility
and sensitivity of fluorescent spectra in the presence of various
concentrations of polymer solution. Considering its sensitivity of
fluorescent spectra, the CAC value can be determined by the inter-
ception of two straight lines of the intensity ratio of I372/I383 (Fig. 4)
(Whihelm et al., 1991).

It is obvious that the values of I372/I383 decline slightly with
increasing concentration when the polymer concentrations are
lower than CAC, yet the values lessen acutely as the concentration
reached the CAC. Hence, the threshold displays that the CAC value of
SCCS is 1.216 × 10−4 mg/mL. This CAC value of SA-chitosan is lower
almost 1000 fold than that of other chitosan derivatives in previ-
ous reports such as oleic acid-conjugated chitosan (0.112 mg/mL)
(Lee et al., 2011), and is also much lower than that of Cholesterol-
modified glycol chitosan (CAC value: 122.3 × 10−3 mg/mL) (Yu, Li,
Qiu, & Jin, 2008). CAC is an essential criterion to predict the stabil-
ity of micelles. The lower the value of CAC, the higher stability the
micelles possess, and only the micelles with low CAC value can sur-

vive for a long term in blood (Rangel-Yagui, Junior, & Tavares, 2005).
A low CAC value indicates that SA-chitosan has a potent capability
of self-aggregation and the excellent colloidal stability in aque-
ous solution. SA-chitosan can form stable nanaparticles even if in
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Table 1
Different concentration SA-chitosan on platelet aggregation in human whole blood
induced by ADP (10 �M), collagen (50 mg/L) and AA (10 �M).

Group ADP (�) Collagen (�) AA (�)

Control 5.33 ± 0.33 15.33 ± 2.73 7.33 ± 0.33
50 mg/L SA-chitosan 2.67 ± 0.33 7.67 ± 0.67 3.67 ± 0.33
20 mg/L SA-chitosan 3.33 ± 0.33 11.33 ± 0.67 6.0 ± 0.67
10 mg/L SA-chitosan 4.33 ± 0.33 13.0 ± 1.0 6.67 ± 0.33

tion inhibitory activity in the presence of agonists including ADP,
ig. 4. Change of intensity ratio (I372/I383) for pyrene in water with various concen-
rations of SA-chitosan.

ery low concentration, which is good for prolonging its circulation
alf-life and reducing the frequency of drug use.

The size and zeta potential of SA-chitosan micelles in an aque-
us media were determined by DLS. The main size of SA-chitosan is
92 ± 2 nm and the zeta potential is 52 mV. The zeta potential val-
es show that the SA-chitosan micelles have positive charge larger
han 30 mV, which indicates that the polymeric nanoparticles have
xcellent dispersion stability. The positive charge of zeta potential
onfirms the presence of ionized amino groups at the surface of
icelles.
Compared with N-palmitoyl chitosan (Jiang et al., 2006) which

s also the hydrophobicablly modified chitosan that we reported
reviously, the size of the micelle of SA-chitosan is slight larger
han that of N-palmitoyl chitosan. This might be explained by the
ollowing reasons. The substitution degree of salicylic acid is 70.8%,
hile that of palmitoyl chitosan is 2.0–4.0%. Although the molecu-

ar weight of aromatic ring is much smaller than that of palmitoyl
roup, the amount of the former is much larger than that of the
ater, and the former possesses the ring structure with high steric
indrance, making SA-chitosan form the larger size micelle. How-
ver, the hydrophobic chain of palmitoyl group is flexible to twist
ogether to form more compressed hydrophobic core, resulting in

he smaller size micelles.

Fig. 5 presents the morphology of SA-chitosan micelles that
re depicted by TEM images. It can be observed that the shapes

Fig. 5. TEM images of SA-chitosan nanoparticles.
30 mg/L SA 5.67 ± 0.33 15.33 ± 1.0 7.33 ± 0.67
Aspirin (30 mg/L) 4.0 ± 0.33 11.67 ± 0.67 5.33 ± 0.33

of nanoparticles are approximately spherical, whereas the sizes
in TEM images are much smaller than that determined by DLS.
This might because that the lower concentration of samples for
TEM images than that for DLS, and the aggregation of micelles
due to dehydration in the process of the sample preparation for
TEM images. However, admittedly, the size around 300 nm that
SA-chitosan formed might impact the circulation half-life in clini-
cal, but many macromolecular drugs have the same problem. But
the result of in vitro platelet aggregation assay indicates that the
SA-chitosan can obtain the antiplatelet aggregation in a short time.
However, except for the aggregation of micelles due to dehydra-
tion in the process of the sample preparation for TEM images,
there might be another reason to explain phenomenon that the
size determined by DLS much bigger than that of TEM images. This
data is determined by DLS, in fact, the concentration of SA-chitosan
in blood is very low, but this determination test required a certain
concentration of SA-chitosan which was always much higher than
that in clinical, so in such high concentration, more SA-chitosan
molecules might get together to form bigger size. Nevertheless,
the plentiful hydrophobic group causes highly strong hydrophobic
interaction and forms solid core through intermolecular interac-
tion in aqueous solution, making the micelles based on SA-chitosan
stable and very compact though the size would be larger.

In the ex vivo platelet aggregation assay, three antiplatelet
aggregation stimuli (ADP, collagen, and AA) were employed to
determine the effect of SA-chitosan, aspirin and SA on platelet
reactivity because - the antiplatelet aggregation is ascribable to
the inhibition of platelet TXA2 production and cyclooxygenase
(Helgason et al., 1993). Besides, the amount of aspirin was set as low
dose due to limitation of high aspirin dose that might cause serious
side effects including mucosa irritation and blooding. The result is
displayed in Table 1. SA-chitosan shows potential platelet aggrega-
AA and collagen. SA-chitosan (10, 20 and 50 mg/L) inhibits platelet
aggregation induced by different agonists in a dose-dependent
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Fig. 6. Effect of SA-chitosan on the platelet adhesiveness.
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Fig. 7. Cell toxicity of different concentr

anner. As the reference drug, aspirin (30 mg/L) shows significant
nhibition ability. And SA-chitosan is able to reduce the platelet
ggregation. Moreover, it is obvious that even if the concentration
f SA-chitosan (10, 20 mg/L) is lower than that of aspirin (30 mg/L),
he ability of antiplatelet aggregation of SA-chitosan is equal, even
igher than that of aspirin. In other word, the nanomicelles SA-
hitosan have the clinical potential that its effective dosage is lower
han that of low-dose aspirin to achieve the same, even better effect
n terms of the function of antiplatelet aggregation, and prolonging
ts antiplatelet aggregation effect.

The results of the effect of SA-chitosan on the platelet adhe-
iveness, shown in Fig. 6, demonstrate that in the presence
f SA-chitosan (50 mg/L), the percent of adhesive platelets is
4.7 + 2.0% compared with values of 41.1 + 1.8% obtained from con-
rol sample. The statistical analysis indicates a significant difference
etween the effect of SA-chitosan and that of untreated control
p < 0.05).

The cytotoxicity of samples was determined by MTT assay on
HP-1 cells. The result presented in Fig. 7 shows the cell viabil-
ty upon treatment with increasing concentrations of test samples
fter 24 h. The cell viability with 10 mg/L and 20 mg/L of SA-chitosan
re 98.1 ± 1% and 96.7 ± 1.6%, while the cell viability with 50 mg/L
f SA-chitosan is 91.6 ± 1.9%. Therefore, with less than 50 mg/L,
hese samples display no apparent cytotoxicity as compared with
he control cells, while the SA-chitosan with high concentration
50 mg/L) shows only low cell cytotoxicity. However, increasing
ytotoxicity is observed in cells treated with SA (30 mg/L) and
spirin (30 mg/L). It is obvious that the cytotoxicity of SA is declined
rastically after modifying the chitosan. On the other hand, it is
oticed that the cytotoxicity of aspirin is more potent than SA,
hus taking aspirin for a long time might cause some unfavor-
ble side-effects. As mentioned above, the results also suggest that
A-chitosan (10, 20 mg/L) performs equal, even better ability of
ntiplatelet aggregation than aspirin (30 mg/L) does, but without
ell cytotoxicity. Hence, it can be potentially used as a safe agent.

The inhibition rates of SA-chitosan (50 mg/L) on platelet aggre-
ation and adhesion are approximately 50% and 17%, respectively.
he data suggest that it has a good inhibitor role on platelet aggrega-
ion while the effect on the platelet adhesion is not strong. However,
he drug shows a good safety under these concentrations. On the
ther hand, though the inhibition effect on platelet adhesion at
oncentration of 50 mg/L is not strong, it presents a significant
ifference (p = 0.015). Conversely, excessive inhibition on platelet

dhesion can induce bleeding, which would affect the safety of the
rugs.

In antiplatelet aggregation assay, it is noticeable that the sali-
ylic acid does not have antiplatelet aggregation property, while
A (50 mg/L) SA (30 mg/L) Aspirin (30 mg/L)

of SA-chitosan on THP-1 cells after 24 h.

the SA-chitosan has. This might be ascribable to that the structure
of SA-chitosan resembles to aspirin because there are aromatic ring
and acetyl group that are the character of aspirin in the SA-chitosan.
Generally, it can be explained that the aspirin reduces the platelet
aggregation through inhibition of platelet cyclooxygenase, result-
ing in a depressant of thromboxane A2 (Vane, Anggard, & Botting,
1990). But Szczeklik, Krzanowski, Gora, and Radwan (1992) pointed
out that in terms of aspirin, the antiplatelet aggregation function
might affect thrombin generation, yet it was more likely that it
was unrelated to its inhibition of platelet cyclooxygenase. Hence,
there might be different paths that aspirin affects the platelet. The
exact path that the SA-chitosan affects the platelet is under future
investigation.

4. Conclusions

Chitosan which was modified with salicylic acid (SA-chitosan),
an amphiphilic chitosan derivative that possessed both antiplatelet
aggregation and antiplatelet adhesion properties, was prepared
successfully. Both chitosan (macromolecule biopolymer) and SA
was insoluble, however, SA-chitosan was soluble after chemi-
cal modification. The substitution degree of salicylic acid was
70.8%. The nanoparticles can self-aggregate to form stable nanopar-
ticles, its critical aggregation concentration (CAC) value was
1.216 × 10−4 mg/mL and the zeta potential was 52 mV, suggest-
ing that the nanoparticles possessed excellent potential dispersion
stability. The result of in vitro antiplatelet activity revealed that
potential platelet aggregation inhibitory activity of SA-chitosan by
different agonists in a dose-dependent manner. The platelet adhe-
sion test showed the significant difference between the effect of
SA-chitosan and that of untreated control (p < 0.05). In vitro platelet
aggregation assay and platelet adhesion test revealed that SA-
chitosan had excellent antiplatelet aggregation property and good
ability to reduce platelet adhesion. The cell cytotoxicity assay sug-
gested that these SA-chitosan displayed no apparent cytotoxicity
as compared with the control cells. These results indicated that
SA-chitosan can be potentially used as a safe antiplatelet aggrega-
tion and antiplatelet adhesion agent, and it can also be potentially
employed as a potent potential polymer–drug conjugate for some
blood diseases or preventing formation of thrombosis as aspirin
does, but can reduce the drug frequency and dosage comparing
with aspirin.
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