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We design and develop chitosan nanoparticles which load two different drugs simultaneously. Aspirin
(acetylsalicylic acid, ASA), a hydrophilic drug and probucol (PRO), a hydrophobic drug, are chosen as typ-
ical drugs, which are widely used to treat restenosis. The drug loaded chitosan nanoparticles are prepared
by gelation of chitosan with tripolyphosphate (TPP) by ionic cross-linking. The physicochemical proper-
ties of nanoparticles are investigated by FTIR, transmission electron microscope (TEM), scanning electron
microscopy (SEM) and differential scanning calorimetry (DSC). The images show that these particles are

iiy‘i?r:dg spherical in shape with ASA being in the amorphous phase, while PRO is crystalline. The properties of
Pr(l:bu col chitosan nanoparticles such as encapsulation capacity and controlled release behaviors of ASA and PRO

are evaluated. Experimental results indicate that the loading capacity (LC), encapsulation efficiency
(EE) and ASA and PRO release behaviors are affected by several factors including pH, concentration of
TPP, chitosan molecular weight (MW) and ASA initial concentration as well as PRO. In vitro release shows
that the nanoparticles provide a continuous release. Entrapped ASA is released for more than 24 h and
PRO lasts longer for 120 h.

Chitosan nanoparticles
Combination load
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1. Introduction

Percutaneous transluminal coronary angioplasty (PTCA) is a
promising method for curing obstructed coronary artery disease.
PTCA procedures include balloon dilation, excisional atherectomy,
endoluminal stenting and laser ablation (Baim, 1992). However,
revascularization induces thrombosis and neointimal hyperplasia,
which in turn cause restenosis in 30-40% of coronary arteries with-
in 6 months after successful balloon angioplasty (Nobuyoshi,
Kimura, & Ohishi, 1991). Patients undergoing PTCA require addi-
tional surgical intervention because of a combination of factors
including elastic recoil, thrombosis, vessel remodeling, local tissue
inflammation and neointima formation (Currier & Faxon, 1995). In
general, the pathogenesis of restenosis is multifactorial. What is
more, the patients, suffering restenosis, show several symptoms
than could be controlled by employing multidrugs. So combination
dosing is usually adopted in clinical therapy. There are a variety of
drugs (e.g. aspirin, probucol, rapamycin) which are used for clinical
treatment. Aspirin (ASA) as a hydrophilic drug is often used due for
its anti-atherosclerotic effect (Kato et al., 2005). Probucol (PRO), a
hydrophobic drug may prevent restenosis by exerting an anti-oxi-
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dative effect (Watanabe, Sekiya, Ikeda, Miyagawa, & Hashida,
1996). As common drugs used in anti-restenosis, ASA and PRO cho-
sen in this study.

Furthermore, an effective anti-restenotic therapy should com-
bine sufficiently high and sustained drug levels at the injury site
with minimal systemic and local toxicity (Banai et al., 2005). Drug
loaded nanoparticles offer the advantage of high tissue uptake and
protracted drug residence at the injury site (Banai et al., 1998;
Fishbein et al., 2000, 2001; Guzman et al., 1996). There has been
considerable interest in developing chitosan nanoparticles as effec-
tive drug delivery devices (Janes, Calvo, & Alonso, 2001). Chitosan
is a linear polysaccharide containing two B-1,4-linked sugar resi-
dues, N-acetyl-p-glucosamine and p-glucosamine, distributed ran-
domly along the polymer chain. It is obtained commercially by
partial de-N-acetylation of chitin (Thierry, Winnik, Merhi, Silver,
& Tabrizian, 2003). It is a biodegradable, biocompatible, naturally
occurring polymer. Chitosan is one of the major components used
in vascular surgery, tissue culture and tissue regeneration as a
hemostatic agent (Kolhe & Kannan, 2003; Li, Yun, Gong, Zhao, &
Zhang, 2006). Chitosan scaffolds have been investigated for use
in tissue engineering (Madihally & Matthew, 1999). Even though
the discovery of chitosan dates from the 19th century, it has only
been over the last two decades that this polymer has received
attention as a material for biomedical and drug delivery applica-
tions because of its desirable biological properties.
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Chitosan nanoparticles showed high cytotoxic activity to-
ward tumor cells, while low toxicity against normal human li-
ver cells (L-02) (Qi, Xu, Jiang, Li, & Wang, 2005). Chitosan
nanoparticles show high sorption capacity and anti-bacterial
activity (Qi & Xu, 2004; Qi, Xu, Jiang, Hu, & Zou, 2004). The un-
ique cationic character of chitosan nanoparticles could provide
higher affinity with negatively charged biological membranes
and site-specific targeting in vivo (Qi et al., 2004). Particle size
also substantially increases their anti-tumor efficacy when
chitosan nanoparticles are applied by intravenous injection (Qi
et al.,, 2005). The unique character with positive charge and
small particle size of chitosan nanoparticles is responsible for
their in vivo efficacy (Qi & Xu, 2006). Moreover, it is reported
that chitosan can suppress the proliferation of vascular smooth
muscle cells, consequently, preventing restenosis of rabbit (Jo-
seph, 2006; Lim et al., 2005). Therefore, drug loaded chitosan
nanoparticles might be valuable in the treatment of restenosis.

In this paper, we report the study of the drug release behavior
of ASA/PRO from nanoparticles, ASA and PRO combined loaded
chitosan nanoparticles have been prepared based on an ionic
gelation process. We have characterized and compared the prop-
erties of chitosan nanoparticles loaded with combined drugs un-
der different preparation conditions, pH value and concentration
of TPP. The drugs in vitro release, LC and EE of drugs are also ex-
plored with a view to understanding the effects of pH and con-
centration of TPP on molecular interactions interactions
between the two drugs. Thus, we can modulate their encapsula-
tion capability and release rate by adjusting the molecular and
formation parameters.

2. Materials and methods
2.1. Materials

Chitosan with different MW (21, 40, 67 kDa and degree of
deacetylation was 90%) are obtained from Dacheng Biotech.
Co. Ltd. (Weifang, People’s Republic of China). Aspirin is ob-
tained from Lunan Pharmaceutical Co. Ltd. (Linyi, China). Probu-
col is from Qilu Pharmaceutical Co. Ltd. (Jinan, China). Sodium
tripolyphosphate (TPP) and other reagents are all of analytical
grade.

2.2. Preparation of ASA and PRO combined drugs loaded chitosan
nanoparticles

Chitosan solutions (2.5 mg/mL, 25 mL) are prepared by dis-
solving chitosan in 1% acetic acid. ASA is added into the solution
with different concentration (0.8, 1.0 and 1.2 mg/mL). After dis-
solving completely, Tween-80 (2% v/v) is added as a surfactant.
PRO (7.5, 10.0 and 12.5 mg) is dissolved in CH,Cl, and then this
oil phase is mixed with aqueous phase (chitosan solution con-
tained aspirin) by stirring vigorously for 20 min. CH,Cl, is chosen
because of its ability to diffuse into the aqueous phase at a rapid
rate facilitating particles formation upon evaporation. The ratio of
oil and aqueous phase is 1:10. TPP solution (10 mL) is dropped
into O/W emulsion under magnetic stirring. After 1 h of cross-
linking, nanoparticles are isolated by centrifugation at 9000 rpm
for 30 min.

2.3. Morphological characterization

The surface morphology of nanoparticles is observed by TEM
and SEM. For TEM, the nanoparticles solution is dropped on copper
grids and dried overnight at room temperature for viewing (JEM-
100CX, JEOL, Japan). Samples of frozen dried nanoparticles are

mounted on metal stubs, gold coated under vacuum and then
examined on a S-2150 SEM (Hitachi, Japan).

2.4. FTIR analysis

The nanoparticles solution is centrifuged at 9000 rpm for
30 min. Supernatants are discarded and drug loaded chitosan
nanoparticles are freeze-dried for 24 h at —34 °C, followed by a
gradual increase in temperature until 20°C, using a BETA1-8
freeze-dryer (BETA, N/A) (n = 3). The IR spectrum of samples is re-
corded on a Fourier Transform Infrared Spectrometer 430 (Perkin-
Elmer, USA).

2.5. DSC analysis

A differential scanning calorimeter (DSC), Model Perkin-Elmer
PYRIS I, was used. Each freeze-dried sample (5-10 mg) is run at a
scanning rate of 10 °C/min under nitrogen atmosphere. The tem-
perature for the scan ranged from 20 to 180 °C.

2.6. Evaluation of drug loading efficiency

The encapsulation efficiency and loading capacity of nanoparti-
cles are determined by the separation of nanoparticles from the
aqueous medium containing free drug by centrifugation at
9000 rpm for 30 min. The amount of free ASA and PRO in the
supernatant is measured with a spectrophotometer at 242 and
298 nm, separately. Dilutions of samples and calibration curves
are performed in phosphate buffered saline (PBS pH 7.4). The
encapsulation efficiency (EE;,) and loading capacity (LC;) of
ASA and PRO of the nanoparticles are calculated as follows:

TI‘Z - F1‘2 % 100. LC1,2 _ Tl,ZM; F1‘2 %

12 N

EE;, = 100

T, are total amount of ASA and PRO. F;, are amount of free ASA
and PRO. Wy is the nanoparticles weight. All measurements are per-
formed in triplicate.

2.7. Evaluation of in vitro drug release

The ASA and PRO combined drugs loaded nanoparticles sepa-
rated from 18 mL suspension are placed into test tubes with
6 mL of 0.2 mol/l phosphate saline cushion liquid (PBS), and incu-
bated at 37 °C under stirring. At varying time points, supernatants
are isolated by centrifugation. Samples (3 mL) are removed and re-
placed by fresh medium with the same volume. The amount of re-
leased ASA and PRO are analyzed with spectrophotometer (PE,
America) at 298 and 242 nm, respectively.

2.8. Statistical analysis

All experiments are repeated a minimum of three times and
measured in triplicate. Results reported are means * SD, unless
otherwise noted. Statistical significance is analyzed using Student’s
t-test. Differences between experimental groups are considered
significant when P-value is less than 0.05.

3. Results and discussion

3.1. Formation and characterization of combined drugs loaded
chitosan nanoparticles

The preparation of chitosan nanoparticles, based on an ionic
gelation process, involves the mixture of two different phases at
room temperature. One phase is an aqueous phase of acetic acid
solution containing chitosan and ASA. The other phase is an oil
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phase of CH,Cl, containing PRO. An O/W emulsion forms after mix-
ing the two phases. After adding TPP solution, nanoparticles form
immediately through inter and intramolecular linkages created be-
tween TPP phosphates and chitosan amino groups. The molecular
structures of ASA, PRO, TPP and chitosan, are shown in Fig. 1. Some
ASA is embedded in nanoparticles and some is adsorbed on the
surface of the particles because of the electrostatic interaction be-
tween amino groups of chitosan and carboxyl of ASA. PRO is hydro-
phobic, which can be entrapped into nanoparticles by being
dissolved in CH,Cl, prior to its incorporation into the chitosan
solution, followed by the addition of the TPP solution.

Fig. 2 shows FTIR spectra of ASA, PRO, chitosan and combined
drugs loaded chitosan nanoparticles. The absorption band at
1595 cm™! is ascribed to N-H bending mode in the primary amine
of chitosan (Fig. 2C), but it disappears in drug loaded chitosan
nanoparticles (Fig. 2D), which could be attributed to the linkage
between tripolyphosphoric groups of TPP and ammonium groups
of chitosan in nanoparticles (Knaul, Hudson, & Creber, 1999). Pure
PRO spectra shows sharp characteristic peaks at 2959, 1423 and
1309 cm™! (Fang et al., 1999). All the above characteristic peaks
appear in the spectra of combined drugs loaded chitosan nanopar-
ticles (Fig. 2D) at the same wavenumber indicating no modification
or interaction between the drug and carrier. 1757, 1690 and
1606 cm™! assign to V.o (acetoxy group), Ve—o (carboxylic group)
and skeletal in-plane vibration of aromatic ring of ASA, respectively
(Fig. 2A). The characteristic absorption peaks of ASA at 1757 cm™!
(acetoxy group), and 1690 cm~! (carboxylic group) shifts to 1644
and 1540 cm™ !, respectively (Fig. 2D), which are due to the inter-
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Fig. 2. FTIR of ASA (A), PRO (B), chitosan (C) and combined drugs loaded
nanoparticles (D).

action between intermolecular OH...0=C and HNH...0=C bonds
with participation of carboxylic COOH of ASA and primary amide
of chitosan (Koleva, 2006). Characteristic absorption peak of ASA
at 1606 cm™! is overlapped with 1644 cm™'. The results indicate
that PRO and ASA together have been loaded successfully into
the chitosan nanoparticles.

TEM and SEM images of combined drugs loaded chitosan nano-
particles are show in Figs. 3 and 4, respectively. Fig. 3 shows that
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Fig. 1. Chemical structures of ASA, PRO, TPP and chitosan.
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Fig. 3. TEM images of combined drugs loaded chitosan nanoparticles with different
TPP concentration: (A) TPP1.0 mg/mL, (B) TPP2.5 mg/mL.

the particle size increases with increasing TPP concentration. At
the low TPP concentration (1.0 mg/mL) (Fig. 3A), combined drugs
loaded chitosan nanoparticles are in the size range from 100 to
200 nm; when TPP concentration is 2.5 mg/mL (Fig. 3B), the aver-
age particle size slightly increases to about 200-300 nm. These re-
sults would be due to stiffness of the cross-linkage between TPP
and chitosan, as the increase of TPP concentration, there would
be more tripolyphosphoric ions to cross-link with amino groups
on chitosan chains (Calvo, Remufian-Lépez, Vila-Jato, & Alonso,
1997).

TPP-chitosan microparticles are prepared by the ionic interac-
tion between a positively charged amino group of chitosan and a
negatively charged counterion of TPP. The ionization degree of
TPP is dependent on the pH value of solution. The pH value of
TPP solution affects the morphology of nanoparticles surface and
particle size observably (Ko, Park, Hwang, Park, & Lee, 2002).
Fig. 4 shows the morphology of combined drugs loaded chitosan
nanoparticles prepared with different pH values of TPP solution.
Nanoparticles prepared with pH 3 TPP solution (Fig. 4A) are spher-
ical in shape, and have smooth surfaces and the size of nanoparti-
cles is under 100 nm. When TPP is pH 7 (Fig. 4B), the combined
drugs loaded chitosan nanoparticles are not completely spherical
in shape, and have rough surfaces. In addition, the diameters of
the combined drugs loaded chitosan nanoparticles are between
200 nm and 1 pm, which shows that after loading the combined
drugs, chitosan cross-linked with TPP at a higher pH value (pH 7)
results in a broader size distribution. The ionization degree of

LEI 50k  X5000 1gm  WD8.S3mm

Fig. 4. SEM images of combined drugs loaded chitosan nanoparticles with different
TPP pH: (A) pH 3, (B) pH 7.

TPP is dependent on the pH value of solution. Chitosan nanoparti-
cles prepared in acidic TPP solution are completely ionic cross-link-
ing dominated (Lee, Mi, Shen, & Shyu, 2001; Mi, Shyu, Lee, & Wong,
1999b; Mi et al., 1999a). At low pH, only P30;,°~ anions are found
in TPP solution. Moreover, chitosan is a weak polybase, as the pH of
the solution decreases, the ionization of the amine group of chito-
san increases. In high pH solutions, TPP is dissociated into OH™ and
TPP ions (HP;010* and P30:0°"). However, in these high pH solu-
tion, the ionization of amine group of chitosan decreases. There-
fore, with low or high pH value TPP solution, the cross-link
between chitosan and TPP could be more complete. The structure
of the nanoparticles would be more compact and also the surface
would be smoother.

Combined drugs loaded chitosan nanoparticles are analyzed by
DSC in order to try and characterize the physical forms of the drugs
in the polymer and to investigate for intermolecular interactions
(Broman, Khoo, & Taylor, 2001). PRO has been reported as having
at least two polymorphs with onset melting points of 116 °C (Form
II) and 125 °C (Form I), where the Form I polymorph is the thermo-
dynamically stable form (Gerber, Caira, & Lotter, 1993). Form II is
prepared by rapid crystallization from a concentrated solution in
ethanol and has a melting point of 116 °C (Gerber et al., 1993).
The material as received is found to have melting point of 125 °C
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Fig. 5. DSC thermograms of pure PRO (A), pure ASA (B) and RPO-ASA combined
drugs loaded chitosan nanoparticles (C).

as measured by DSC (Fig. 5A) and is thus Form I. Most recently,
computational studies have addressed polymorphism in ASA (Gla-
ser, 2001; Ouvrard & Price, 2004; Payne, Rowe, Roberts, Charlton, &
Docherty, 1999). In addition to single crystal structure determina-
tion, Form II is also characterized by melting point, IR and DSC.
Crystals of Form II convert to Form I under ambient conditions,
however, they are relatively stable at 100 K (Vishweshwar, McMa-
hon, Oliveira, Peterson, & Zaworotko, 2005). DSC thermograms re-
veal an endothermic peak at 139 °C for Form II in Fig. 5B.

In this study, we have examined the existence forms of PRO and
ASA in RPO-ASA combined drugs loaded chitosan nanoparticles by
DSC analysis. Fig. 5C shows a melting endothermic peak at 120 °C,
which is consist with Fig. 5A. This phenomenon demonstrates that
PRO formulated in the ASA-PRO combined drugs loaded chitosan
nanoparticles exists in a crystalline phase. Pure ASA shows a melt-
ing endothermic peak at 139 °C (Fig. 5B), whereas no peak is de-
tected at the range from 135 to 140°C for the ASA-RPO
combined drugs loaded chitosan nanoparticles (Fig. 5C). ASA is
hydrophilic, and the ionic interactions are occurring in the com-
bined drugs loaded chitosan nanoparticles, which include (i) ionic
cross-linking between ammonium ion (NH5") of chitosan and car-
boxylate ion (COO™) of ASA, (ii) hydrogen bonding between H" of
carboxylic group of ASA and OH™ of chitosan, and (iii) hydrogen
bonding between H* of chitosan and OH™ of carboxylic group of
ASA. The ionic bond between ammonium ion (NHs") of chitosan
and carboxylate ion (COO~) of ASA is the strongest one formed,
which demonstrates that ASA formulated in the combined drugs
loaded chitosan nanoparticles exists in an amorphous or disor-
dered crystalline phase or a solid solution state (Smitha, Sridhar,
& Khan, 2004; Zhang & Feng, 2006).

3.2. LC and EE of ASA and PRO within chitosan nanoparticles

A comparison of two model drugs encapsulation efficiencies
and loading capacities for combined drugs loaded chitosan nano-
particles is shown in Table 1.

Various conditions of effects on encapsulation efficiencies and
loading capacities of PRO and ASA have been discussed, including
TPP pH value, TPP concentration, ASA initial concentration, PRO
initial amount and chitosan MW. (i) When TPP solution is neutral
(pH 7) or weak acidic (pH 5), it is disadvantaged for drug encapsu-
lation. Basic (pH 8.6) and strong acidic (pH 3) TPP solutions lead to
better encapsulation. Both low and high pH value of TPP contribute
to the formation of nanoparticles and the encapsulation of drugs.

Table 1
Encapsulation efficiency and loading capability of chitosan nanoparticles
Variables EE (wt.%) LC (wt.%)

ASA PRO ASA PRO
TPP pH value
3 59.1+3.2 43.4+1.7 43.442.8 13.8+£1.7
5 57.3+4.1 37.0£0.9 38.1£1.6 8.9+1.3
7 52.2+#3.3 36.9£2.3 35.0£1.7 7.620.9
8.6 68.5%2.1 62.0£1.9 34.3+1.4 12.4+1.1
TPP concentration (mg/ml)
1 80.1+4.9 37.2+2.2 61.5+2.7 19.1+£0.9
1.5 76.2+4.7 46.3+2.4 50.612.4 17.5+0.9
2 74.5%4.3 57.2+2.8 42.3+2.1 15.3+0.7
2.5 68.5£3.8 62.0£3.0 34.3£1.6 12.4+1.0
ASA initial concentration (mg/ml)
0.8 69.6+3.3 62.7£2.5 27.4+1.2 13.1x1.2
1 68.543.1 62.0+2.3 34.3+1.5 12.4+1.1
1.2 63.0£2.8 61.5£2.1 37.8£1.7 12.3+1.1
PRO initial amount (mg)
7.5 71.9+2.6 57.9+2.1 35.9+1.9 8.710.8
10 68.5%2.1 62.0£2.7 34.3£2.5 12.4+0.8
12.5 70.0+2.3 37.8+1.8 35.0+2.2 9.4+0.9
Chitosan MW (kDa)
210 60.1£3.0 69.9+3.4 30.0+0.9 14.0£0.6
400 65.8+4.3 64.5+3.2 32.9+0.8 12.9+0.5
670 68.5+4.4 62.0£0.9 34.3+0.9 12.4+0.6

(ii) With increasing TPP concentration, ASA encapsulating effi-
ciency decreases but encapsulation efficiency of PRO increases,
and the loading capacities of the two drugs both decrease. (iii)
Encapsulation efficiency and loading capacity of the nanoparticles
are affected by the initial ASA concentration and PRO amount in
the chitosan solution. The increase of ASA concentration leads to
a decrease of ASA encapsulation efficiency and an enhancement
of loading capacity; however, it has little effect on PRO. Equally,
the increase of PRO concentration also has little effect on encapsu-
lation efficiency and loading capacity of ASA. However, when PRO
initial amount is 10 mg, encapsulation efficiency and loading
capacity of the PRO reach the optimum value. (iv) The encapsula-
tion efficiency and loading capacity of drugs are not significantly
affected by chitosan MW. With increasing chitosan MW, the
encapsulation efficiency and loading capacity of ASA increase
slightly but the EE and LC of PRO decrease slightly. In all, the EE
and LC of ASA and PRO are affected greatly by TPP pH value, TPP
concentration and the drugs themselves. These results are proba-
bly related to related to the size of combined drug loaded chitosan
nanoparticles and interactions between drugs and the combined
drugs loaded chitosan nanoparticles. ASA is hydrophilic, and the io-
nic interactions are occurring in the combined drugs loaded chito-
san nanoparticles, instead, PRO is hydrophobic and PRO formulated
in the chitosan nanoparticles exist in a crystalline form.

3.3. In vitro release of ASA and PRO from the combined drugs loaded
chitosan nanoparticles

Charge density is an important factor in electrostatic interaction
and mainly depends on solution pH. The charge of TPP and chito-
san are related to solution pH, as well as electrostatic cross-linking
of anions to chitosan. Fig. 6A and B shows release behaviors of ASA
and PRO from combined drugs loaded chitosan nanoparticles,
which are prepared with TPP solutions at various pH levels,
respectively.

It is apparent that ASA and PRO release in vitro show very rapid
initial bursts. The release profiles of ASA and PRO from combined
drug loaded chitosan nanoparticles prepared with TPP solutions
of pH 7 and pH 5 show that the release kinetics of two kinds of
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Fig. 6. The influences of TPP pH on ASA (A) and PRO (B) release behaviors.

drug have the same tendency. After 24 h, the percentage release of
the two model drugs are about 90%. The difference between two
drugs release behaviors lay in that the release rate of PRO
(Fig. 6B) is much slower than that of ASA (Fig. 6A) at the beginning,
whereas, after 8 h, the release percent of PRO becomes higher than
that of ASA. In 8 h, release percents of ASA and PRO reach 83% and
72% (for pH 5), however, release percents of ASA and PRO increase
at 85% and 95% in 24 h, respectively. Compared with ASA release
behavior, the change of release percent of PRO becomes more
noticeable from 8 to 24 h, which is due to the difference of the re-
lease mechanisms of ASA and PRO. ASA is hydrophilic and easily
diffuses from nanoparticles, instead PRO is only released from
nanoparticles collapsing, so in the initial 8 h, the release percent
of PRO is lower than that of ASA, on the contrary, the release per-
cent of PRO is higher than that of ASA from 8 to 24 h. Much differ-
ence is also found in release percent of the two drugs from
nanoparticles prepared with different TPP solutions. As shown in
Fig. 6A, strong acidic (pH 3) and basic TPP solution (pH 8.6) lead
to a decrease of ASA release rate. About 64% and 40% of ASA are re-
leased from nanoparticles within 8 h, respectively. By contrast,
when the TPP is neutral or near neutral (pH 7 or 5), the signifi-
cantly faster releases of ASA are achieved, with releases of 87%
and 83% after 8 h, respectively. However, unlike ASA, strong basic
TPP does not decrease PRO release rate a lot, but only strong acidic
(pH 3) TPP solutions makes for a big decrease in PRO release rate.
The release rates of ASA and PRO are adjusted by changing the TPP
pH values. ASA and PRO release fast when TPP solution is neutral,
and with the TPP pH deviating from neutral, ASA and PRO release

become slow. It is believed that basic and acidic TPP solution is
more convenient for the nanoparticles formed as high ionization
degree. The sufficient cross-linking between TPP polyanion and
amino groups of chitosan makes the nanoparticles in high density
structure, consequently, the drugs release slowly. This is consistent
with the result for encapsulation efficiency and loading capacity of
ASA and PRO at the same pH.

Fig. 7A and B shows the effects of the cross-linking agent (TPP)
concentration on ASA and PRO release. In general, the release rates
of the two model drugs from the drug loaded chitosan nanoparti-
cles increase with increasing cross-linking agent concentration.
With the change of TPP solution concentration as 1.0, 1.5, 2.0
and 2.5 mg/mL, the release percent of ASA after 8 h is 22%, 43%,
59%, 87% and the release percent of PRO is 28%, 41%, 54% and
69%, respectively. With increasing TPP concentration, the size of
the chitosan nanoparticles apparently increase. The nanoparticles
are eroded more quickly in PBS buffer with increasing size. This
makes the particles rapidly lose their integrity and results in rapid
drug release.

The effect of the loading of one drug on the release from the two
drug system was studied. Fig. 8 shows the release profiles of ASA
and PRO with different initial concentration, respectively. In brief,
the effect of different initial ASA concentration on its release is less.
For an initial ASA concentration of 0.8, 1.0 and 1.2 mg/mL, the re-
lease percent of ASA is 56%, 61% and 68%, respectively, within 4 h
(Fig. 8A). When the initial ASA concentration is 1.0 and 1.2 mg/
mL, the difference between two release profiles of PRO can be ig-
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Fig. 7. The influences of the TPP concentration on ASA (A) and PRO (B) release
behaviors.
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Fig. 8. The influences of ASA and PRO initial concentrations on two drugs release behaviors: ASA on ASA (A), ASA on PRO (B), PRO on ASA (C) and PRO on PRO (D).

nored. But as the initial ASA concentration is 0.8 mg/mL, the re-
lease profile of PRO shows a very rapid initial burst (Fig. 8B).

The influences of initial PRO amount on ASA and PRO release
profiles are showed in Fig. 8C and D. After 4 h, the effect on ASA re-
lease percent is clear when the initial PRO amount is 7.5, 10.0 and
12.5 mg, the release percent of ASA is 67%, 30% and 39%, respec-
tively. The PRO release speed changes little, except that the release
percent is 98% after 24 h when the initial PRO amount is 10.0 mg.

Based on the data discussed above, two drugs release profiles
are not significantly affected by their own initial loading amount,
which might be attributed to the different loading modes. As men-
tioned, ASA is loaded on the chitosan nanoparticles because of
blending and electrostatic interaction between its carboxyl and
amino groups of chitosan. However, PRO is physically entrapped
in the nanoparticles.

Fig. 9 shows the influences of chitosan MW on the ASA and PRO
releases. The viscosity of chitosan solution is important for the for-
mation of nanoparticles. As the MW of the chitosan increases, the
release behavior of ASA decreases significantly (Fig. 9A). The re-
lease of ASA is faster from the nanoparticles that prepared with
210 kDa chitosan than those made from 400 kDa chitosan. These
results indicate that the release behaviors of ASA depend on the
viscosity of the chitosan solution. The increased viscosity of chito-
san solution forms relatively strong walls of nanoparticles upon
interaction with TPP. High cross-linking density of TPP-chitosan
matrix results in less swelling ability, therefore the release of
ASA decreases. By contrast, the influence of chitosan MW on PRO

release is almost negligible (Fig. 9B). These clear differences could
be attributed to different loading mechanisms and release mecha-
nisms of the two drugs. ASA is hydrophilic, and interacts ionically
with the chitosan nanoparticles, and is physically entrapped in the
chitosan nanoparticles. ASA diffuses easily from the nanoparticles
while PRO diffuses only with difficulty. Nanoparticles disruption
being required to accelerate release.

4. Conclusions

We report the successful preparation of combined drugs loaded
chitosan nanoparticles achieved by combining ASA and PRO. The
physical forms of two drugs in the polymer are characterized.
PRO formulated in nanoparticles exists in a crystalline phase and
ASA exists in an amorphous or disordered crystalline phase or a so-
lid solution state because of blending and electrostatic interaction
between its carboxyl and amino groups of chitosan. It is found that
the encapsulation efficiency and loading capacity of ASA and PRO
are affected greatly by TPP pH value, TPP concentration and drugs
themselves. In addition, the release rates of ASA and PRO are
dependent on the pH and concentration of TPP. In addition, the re-
lease rate of ASA depends on chitosan molecular weight, by con-
trast, the release rate of PRO is independent of chitosan
molecular weight. As different loaded mode, the influences of the
initial drugs amount on their release are apparent. In the future,
this work will have implications in the design of vehicles for load-
ing several drugs at the same time and therapy to solve the prob-
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Fig. 9. The influences of chitosan MW on ASA (A) and PRO (B) release behaviors.

lem of complexity of restenosis pathogenesis effectively. Last, this
study may be helpful for nanoparticles loaded ASA/PRO clinic
application and offer the instructive reference to ASA/PRO clinic
combination dosing.
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