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Abstract: The aim of this study is to construct a biocompatible

coating of a drug-eluting stent through the incorporation of

chitosan with monoclonal antibody (mAb) to a platelet glyco-

protein (GP) IIIa receptor, by electrostatic layer-by-layer (LBL)

adsorption of oppositely charged polyelectrolytes and pro-

teins. The platelet maximum aggregation rate and aggregation

inhibition rate tests confirm the bioactivity of mAb in different

pH assembly environments. The fluorescence spectra test and

confocal laser scanning microscopy observation were used to

monitor the LBL assembly process of the mAb/chitosan multi-

layer on the surface of the aminolyzed Poly-L-lactic acid (PLLA)

membrane, when using Rhodamine B isothiocyanate-labeled

mAb and Fluorescein isothiocyanate-labeled chitosan. The in

vitro platelet adhesion experiment demonstrated the amicable

blood compatibility of the mAb/chitosan multilayer. The endo-

thelial cell adhesion and migration test revealed that the multi-

layer could improve the cytocompatibility of the PLLA matrix

in terms of cell attachment, proliferation, and migration. An

in vitro perfusion circuit was designed to evaluate the release

rates measured by a radioisotope technique with 125I-labeled

GP IIIa mAb. The different eluting curves of the mAb/chitosan-

assembled stent and mAb physically absorbed stent showed

the improvement of mAb’s release character when using LBL

self-assembly technology. Our method to prepare a biocom-

patible stent surface with mAb/chitosan multilayers has

proved to be favorable and effective in vitro, thus justifying

further evaluation to improve the biocompatibility in an animal

model test. VC 2011 Wiley Periodicals, Inc. J Biomed Mater Res Part A:

97A: 423–432, 2011.
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INTRODUCTION

Percutaneous transluminal coronary angioplasty (PTCA) is
widely used for the treatment of occlusive blood vessel dis-
eases.1 During the last two decades, intravascular coronary
stenting has been widely used, which has improved the safety
of the PTCA procedures and has been shown to reduce reste-
nosis.2–4 However, the initial goal of the stent to inhibit reste-
nosis is not satisfactorily achieved for the in-stent restenosis
(ISR). Several results5–7 have shown that ISR occurs in about
20% to 30% after stenting procedures, although the rate of
restenosis is 10% lower compared to stent with PTCA proce-
dures. Further to many ‘‘trials-and-errors,’’ the drug-eluting
stent (DES) has emerged as an undisputed solution to pre-
vent ISR.8–10 However, the data of recent research11–13 reveal
that in-stent thrombosis, especially late angiographic stent
thrombosis (LAST), is the most serious complication of DES,
because most of the affected patients die or suffer a myocar-
dial infarction, in spite of its low incidence. The DES stents
are usually coated with a bioresorbable polymer matrix,
capable of releasing single or multiple bioactive agents into

the bloodstream and surrounding tissues. Early studies on
stents coated with biodegradable polymers were disappoint-
ing and indicated that the polymers triggered long-term
inflammation.14 The delay of endothelialization and formation
of thrombosis may be ascribed to the polymer coating on the
stent surface.15 To avoid the undesirable effects of currently
applied (durable) polymers, biocompatible and bioabsorbable
polymers as well as DES delivery systems, which minimize
polymer burden, have been produced and tested.16 In addi-
tion to the negative influence of polymers, the drug loaded in
the DES (e.g., Rapamycin of CypherTM and Paclitaxel of
TaxusTM) is supposed to be another important trigger for
LAST, because it may also delay the endothelialization and
healing on the stent surface.17 Therefore, the ideal agents for
stent coatings should inhibit thrombus formation, inflamma-
tory reaction, and cellular proliferation, while supporting
re-endothelialization.

The goal of the new DES technology should be to bal-
ance the benefits of restenosis prevention against the risks
of delayed healing and late stent thrombosis.18 The
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development of a biocompatible coating strategy of the stent
has become the competitive hot-spot in the research of a
new generation coronary stent system. The usual method
was to modify the stent coating with hydrophilic agents,
such as, heparin,15,19 phosphorylcholine,20 fibrin,21 poly(eth-
ylene oxide),22 and platelet glycoprotein (GP) IIb/IIIa recep-
tor antibody.23,24 All the stents were validated, but the
results of re-endothelialization in stent microenvironment
were ambiguous. In recent times, it has been also reported
that coronary stents were coated with anti-CD34 antibodies,
which captured a patient’s endothelial progenitor cells to
accelerate the natural healing process.25 The applied pros-
pect of this stent is very attractive, but the preprocess and
postprocess of stent deployment included production, steri-
lization, and a biological response.

The stent coatings need to satisfy many of the physical,
biological, and regulatory criteria before they can be
deemed suitable, therefore, the most important factir is to
choose a suitable and convenient method for coating the
stent. The coating solution is often applied to the stent in
the traditional manner in which liquid solution is applied,
such as, dipping, spraying, or brushing.26–28 Of late, the
layer-by-layer (LBL) assembly technology, a technique in
which nanoscale layers of polyanions and polycations are
dipped onto a charged surface from aqueous baths, consti-
tutes a powerful tool, with applications ranging from
electrochemical thin films to biocatalysis.29 The monoclonal
platelet GP IIIa receptor antibody was used in our previous
study,30,31 to construct an mAb eluting stent. The stent sys-
tem may lead to a significant reduction in stent thrombosis
because the antibody can block the GP IIb/IIIa receptor, to
prevent platelet aggregation.32 However, because of the
hydrophilic character of the protein and the application of
the passive absorption method, the release characteristics of
the SZ-21 eluting stent in vitro shows similar properties,
with standard characteristics of the protein absorbed,
when released from the surface of the solid matrix.31 The
LBL self-assembly technology has the advantage of utilizing
mild aqueous baths that have the potential to preserve
fragile protein activity in comparison to the harsh organic
solvents typically employed to fabricate protein delivery
devices.33

Our hypothesis results from the fact that electrical prop-
erties of the monoclonal platelet GP IIIa receptor antibody,
as one type of protein, can be controlled in different pH sol-
utions, based on its isoelectric point (PImAb ¼ 6.9). The
other material, chitosan, is now widely studied and used as
a matrix for tissue engineering and drug release, because of
its good biocompatibility and biodegradability. It has been
reported that chitosan plays a critical role in cell attachment
and growth.34,35 It also has been used to construct an ultra-

thin coating layer on the stent surface as one natural cati-
onic polyelectrolyte.15,36,37 Therefore, in this study, we have
tried to construct one biocompatible stent surface using
LBL self-assembly technology, to assemble the mAb/chito-
san multilayer, which could improve the mAb release char-
acter, and maintain the antithrombosis performance of the
stent, and at the same time, promote the healing of the
endothelium on the stent surface.

MATERIALS AND METHODS

Evaluation of mAb’s antiplatelet aggregation in
different pH buffers
The buffer with different hydrogen ion concentrations was
prepared by mixing different quantities of 0.2M sodium
hydrogen phosphate solution and 0.1M sodium citrate solu-
tion (purchased from the Chuandong Chemical Co., Chongq-
ing, China), as shown in Table I. The freeze-dried powder of
SZ-21, one type of platelet GP IIb/IIIa mAb (supplied by the
Jiangshu Institute of Hematology, Suzhou, China), was
prepared at concentration of 1 mg/mL in the different pH
buffers. Arterial blood was collected using cardiac puncture
surgery, using New Zealand White rabbits (purchased from
The Animal Research Center of Xinqiao Hospital, Chongqing,
China). Sodium citrate of 3.8% was added to the blood as an
anticoagulant, with the ratio of blood/anticoagulant being
9:1. First, the blood was centrifuged at 800 rpm for 10 min
using the Eppendorf 5417R refrigerated microcentrifuge
(Eppendorf China, Shanghai, China) to obtain platelet rich
plasma (PRP). Then the blood was centrifuged at 3000 rpm
for 15 min to obtain platelet poor plasma (PPP). The PA100
platelet aggregation instrument (Tianhai Medical Instrument
Co., Chongqing, China), based on Born’s turbidimetry38

method, was used to monitor the influence of SZ-21 on
platelet aggregation in different pH buffers, by automatically
recording the platelet aggregation curve. The inducer of
platelet aggregation was ADP, with a final concentration of 2
lmol/L. A total of 5 lL SZ-21 solution in different pH buffers
and 20 lL ADP were added in 200 lL PRP, with 5 lL of a
corresponding pH buffer added in 200 lL PRP as the control,
to obtain the influence of SZ-21 on the platelet maximum
aggregation rate (MAR). The aggregation inhibition rate (AIR)
could be calculated with the formula (1):

AIRð%Þ ¼ MARcontrol �MARmAb

MARcontrol
� 100% (1)

Preparation and characterization of mAb/chitosan
multilayer on PLLA membrane
Our purpose was to assemble the SZ-21/chitosan multilayer
on the surface of the PLLA coated stent, hence, the PLLA

TABLE I. The Ratio of Different pH Buffers (v/v)

pH4 pH5 pH6 pH7 pH8

Sodium hydrogen phosphate solution (0.2M) 2.055 3.855 5.15 6.315 8.235
Sodium citrate solution (0.1M) 7.945 6.145 4.85 3.685 1.765
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membrane (1 cm � 1 cm, 100 lm thickness, purchased
from Jinan Daigang Co., Shangdong, China) was used to facil-
itate the characterization of the LBL process. The PLLA
membrane was first aminolyzed using the method as
reported.39 The SZ-21 and chitosan (purchased from Sigma,
St. Louis, MO) were selected as the building blocks to mod-
ify the aminolyzed PLLA membranes, using the LBL assem-
bly technique. The aminolyzed PLLA membranes were
treated in 0.01M HCl solution for 30 min, at room tempera-
ture, and washed with a large amount of water to ensure
the charged state of the substrata. After washing with a
large amount of water, the membranes were placed for 20
min into the 2 mg/mL SZ-21 solution prepared with pH8
buffer and rinsed with pure water. The SZ-21 modified
membranes were subsequently immersed in the chitosan
solution made with 0.2 wt % acetic acid and 0.1 wt % chi-
tosan, for 20 min, followed by the same rinsing procedure.
The process was repeated until the desired number of
layers had been deposited. Finally, the samples were dried
at 30�C under reduced pressure for 48 h to obtain the
SZ-21/chitosan multilayer on the surface of the PLLA
membrane.

To monitor the assembly process of the two kinds of
materials on the aminolyzed PLLA surface, the SZ-21 and
chitosan was respectively substituted with Rhodamine B iso-
thiocyanate (RBITC)-labeled SZ-21 and Fluorescein isothio-
cyanate (FITC)-labeled chitosan (labeled by Biosynthesis
Biotechnology Co., Beijing, China) to form the (RBITC-la-
beled SZ-21/CH)n and (SZ-21/FITC-labeled CH)n multilayer,
with layers from one to 10. For preventing fluorescent
quenching, the entire procedure was processed in a dark
environment. Fluorescence spectra tests were performed on
a Shimadzu RF5301PC fluorescence spectrophotometer at
room temperature. The (RBITC-labeled SZ-21/FITC-labeled
CH)n multilayer was also prepared, to be scanned with 300
nm scan space by the z-scan mode of Leica TCSNT laser
scanning confocal microscope(LSCM), for verifying the dis-
tribution of the two kinds of materials in the self-assembly
multilayer.

In vitro hemocompatibility evaluation
The blood was collected and handled using the method
mentioned earlier, to obtain PRP and PPP. To evaluate the
platelet adhesion character, the SZ-21/chitosan assembled
membranes, with 10 bilayers, were immersed into the PRP
and incubated at 37�C for 3 h, followed by rinsing with
0.9% NaCl solution, to remove the weakly adherent plate-
lets. The adhered platelets were fixed in a 2.5% glutaralde-
hyde solution, and then dehydrated and dried at the critical
point. The samples were coated with a gold layer of 10–20
nm thickness and examined by scanning electron micros-
copy (SEM, Vega-LMH, Tescan, Czech). The anticoagulant
property of the SZ-21/chitosan assembled membranes were
determined by activated partial thrombin time (APTT) and
prothrombin time (PT) assays.40 SZ-21/chitosan assembled
membranes were placed carefully into tubes and incubated
in 0.5 mL of PPP at 37�C for 30 min. For APTT, 50 lL resid-
ual PPP was put into a special test tube and then the 50 lL

APTT reagent (Sichuan Maker Science Technology Co.,
China) was added into the above-mentioned tube. Another
0.025M CaCl2 solution (50 lL) was then added after 3 min
of incubation at 37�C. For PT, 50 lL residual PPP was mixed
with 100 lL PT reagent (Sichuan Maker Science Technology
Co., China). The clotting time of the solution was measured
by a coagulometer (CA-50, Sysmex, Japan). In evaluation of
the platelet adhesion, APTT and PT assays and aminolyzed
PLLA membranes, without assembled process, were used as
the positive control and PLLA membranes without amino-
lyzed process were used as the negative control.

Adhesion and migration of endothelial cells
The endothelial hybrid cell line Eahy926 (from Third Mili-
tary Medical University, Chongqing, China) was adopted to
observe cell adhesion and migration on the assembled
membranes. The cells were cultured in Dulbecco’s modified
eagle medium supplemented with 10% fetal calf serum
(FCS), and maintained in 5% CO2 atmosphere at 37�C and
96% humidity. Cell passages were carried out once or twice
a week at a ratio of 1:3. Upon reaching cell confluence of
70%–80%, the cells were washed with phosphate-buffered
saline (PBS) and trypsinized for 2 min at 37�C. Trypsin was
neutralized by adding a culture medium containing 10%
FCS. Sterilized samples of the assembled and nonassembled
membranes were placed in the wells of a six-well culture
plate. The cells were seeded onto these samples surfaces at
2.0 � 104 in the culture medium and grew for 48 h, respec-
tively. The samples were subsequently rinsed with 0.9%
NaCl solution to remove the weakly adherent endothelial
cells. The adhered cells were fixed in a 2.5% glutaraldehyde
solution at room temperature for 2 h, and then dehydrated
and critically point-dried. The specimens were then coated
with a gold layer of 10–20 nm thickness and were examined
by SEM to investigate the morphology of the adherent endo-
thelial cells. To evaluate the cell migration on the mem-
branes, a sterile scraper was used to carefully scrape off the
cells along the midline of the membranes, while being
viewed under an Olympus BX51 inverted microscope, until
all the samples were fully covered with cells. Then the
remaining cells on the samples were incubated at 37�C.
Time-lapse phase contrast images were captured every
30 min using the microscope combined with a Metamorph
program. Cells were continuously observed and counted
for 72 h.

Evaluation of mAb’s release from the multilayer
Stainless steel coronary stents, 316 L, (bare metal stents)
17 mm long and 1.4 mm in diameter (MeiZhongShuangHe
Medical Device, Beijing, China) were dipped in K2Cr2O7/
H2SO4 solution (1/9 v/v) for 10 min at 30�C, then washed
thrice with sterile double distilled water. After being dried
at 70�C in a vacuum oven, the stent was coated with PLLA
(purchased from Sigma, St. Louis, MO) using the ultrasonic
atomization spraying system.41 The PLLA coated stent was
aminolyzed followed by the assembly with a SZ-21/chitosan
multilayer, using the methods mentioned earlier. To facilitate
the evaluation of mAb’s release character, the SZ-21 was
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first radio-labeled with 125I, using the standard Iodogen
method. Five microliters of labeled mAb SZ-21 was added
into the 2 mg/mL SZ-21 solution during the assembly pro-
cess, thus the amount of SZ-21 could be represented by the
radioactivity of the stent, counted with a c-counter (DFM-
96, Zhongchen, Hefei, China). The perfusion system of the
flow chamber, as shown in Figure 1, was also developed to
evaluate the release the characteristics of the mAb SZ-21
from the SZ-21/chitosan multilayer. The system was located
in a 37�C incubator when perfusion with 150 mL flow
buffer was prepared with 1% Bovine Serum Albumin
(Sigma-Aldrich, St. Louis, MO, USA) added to PBS (0.01M/L,

pH 7.4), to satisfy the expected conditions. Before being
located in the chamber, the quantity of SZ-21 on the stents
with different SZ-21/chitosan layers was calculated by
counting its radioactivity. At every scheduled time point
ranging from 30 min to 312 h, the residual amount of SZ-21
was determined through the above-mentioned radioactivity
counting method for drawing the in vitro release curve of
the SZ-21/chitosan modified stent. For comparison, the
PLLA stent without aminolysis and assembly process was
also directly immersed into the SZ-21 solution of the
same concentration, to prepare the physically adsorbed
stent for distinguishing their release character from the
assembled ones.

Statistical analysis
Significance of variability among the means of experimental
groups was determined by one-way or two-way analysis of
variance using SPSS for Windows V15.0 software. Differen-
ces among experimental groups were considered to be stat-
istically significant when p < 0.05. Unless indicated, values
are given as mean 6 SD.

RESULTS

The influence of pH value to mAb’s activity
Figure 2 shows the platelet MAR in different pH buffers
with mAb, which is an important bioactive agent to be
assembled in this study. It can be seen that when adding
the mAb in the five groups with different pH values, the
aggregation of the platelet is inhibited to a large extent. The
AIR results have been used to evaluate the influence of pH
on the mAb activity, as shown in Figure 3. Through compar-
ison of the AIR of mAb in five pH buffers, it has been found
that the antiplatelet of mAb is not influenced by the pH
buffer (p > 0.05, n ¼ 6), which may be an important factor
to use mAb as one composition of the self-assemble
multilayer.

FIGURE 1. Schematic diagram of the experimental perfusion system

for elution of mAb from stent wires in vitro. The stent wires are paral-

lelly located in the multi-channel chamber, and perfused with 1% BSA

in PBS for different duration and pulsatile flow produced by pulsatile

pump. The entire system is placed in the incubator with 37�C
temperature.

FIGURE 2. Results of platelet MAR tested by PA100 platelet aggrega-

tion instrument show that the platelet aggregation is inhibited by SZ-

21 mAb in each pH buffer group (*p < 0.05, n ¼ 6).

FIGURE 3. Results of aggregation rate calculated with formula one

show that the influence of pH is not significant (p > 0.05, n ¼ 6),

which prove that the mAb can play the normal biological function

when added in different pH buffer.
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Evaluation the assembly process of the multilayer
For the sake of convenient monitoring of the assembly pro-
cess, fluorescence spectroscopy was adopted to monitor the
layer growth of the SZ-21/chitosan multilayer by respec-
tively substituting the normal SZ-21 with RBITC-labeled SZ-
21and normal chitosan with FITC-labeled chitosan. The
spectra in the two figures exhibited the maximum emission
at �560 nm arising from the rhodamine group (excitation
wavelength was 520 nm) and at �535 nm, arising from the
FITC group (excitation wavelength was 490 nm), respec-
tively, as shown in Figure 4. As could be seen from the two
profiles, the two compositions in the composite multilayer,
represented by the maximum emission, increased with an
increase in layer number, which had a basic trend of linear
relationship between the layers and the fluorescence inten-
sity. Therefore, it could be deduced that the increase in the
thickness of the assembled material had a certain vertical
uniformity. The mapping relation curve between the
assembled layers and the maximum emission intensity at
562 nm (RBITC-labeled SZ-21) or 535 nm (FITC-labeled chi-
tosan) could clearly monitor the self-assembly process. For
SZ-21, the increased trend was more linear from the first to

the fourth layers and the seventh to the 10th layers, but the
linear increase showed a slight change from the fifth to the
seventh layers. The reason for this phenomenon perhaps
resulted from the change of the net charge on the antibody
surface, on account of the interpenetration between the
assembled layers. For chitosan, the initial assembly layers
were slightly different from the others, which could be
related to the defects on the substrate surface. This was of-
ten observed in an LBL assembly of polyelectrolytes on the
planar substrata.42

For clearly observing the distribution of the two compo-
sitions in the multilayer along the vertical dimension, the
two fluorescent-labeled materials were used for assembly
and the different color monolayers were then scanned with
LSCM at the z-scan mode. In the 3 lm range of scan depth,
there were four major distributions of SZ-21 (red) and chi-
tosan (green), as shown in the Figure 5. In their respective
layer, the SZ-21 [Fig. 5(A)] and chitosan [Fig. 5(C)] were dis-
tributed more evenly, but there was the phenomenon of
interpenetration between the layers [Fig. 5(B,D)]. Figure
5(B) reflected the transition from the SZ-21 monolayer to
the chitosan monolayer, while the opposite state is pre-
sented in Figure 5(D). The existence of a single color fluo-
rescent layer, as shown in Figure 5(A,C), revealed that one
material penetrated into a part of the other monolayer,
rather than through the entire layer of another material.

In vitro hemocompatibility of the assembled multilayers
The morphology of the adhered platelets on the negative,
positive and SZ-21/chitosan assembled membranes, after 3
h of incubation in PRP, is displayed in Figure 6, which was
the result of the SEM field chosen at random. The platelets
on the assembled membrane were isolated [shown as Fig.
6(C)]. There was no sign of accumulation and almost no
pseudopodium could be observed. In contrast, there was
slight platelet accumulation, and the pseudopodium of plate-
lets was visible on the surface of aminolyzed PLLA mem-
branes [shown as Fig. 6(B)], and more severe accumulation
and pseudopodium of platelets presented on the surface of
the PLLA membranes [shown as Fig. 6(A)]. The aminolyzed
process of the PLLA membranes grafting a large number of
free amino group on its surface which lead to the improve-
ment of material hydrophilic,39 which was beneficial for
improving the material characteristics of antithrombosis.43

However, the opposite charge carried by the amino and pla-
telets did not improve the antiplatelet ideally, as shown in
Figure 6(B). The results of the PT and APTT assays, as
shown in Figure 7, also revealed that the clotting time of
the PPP samples in the three groups had a gradual pro-
longed trend.

Effect of the assembled membranes to endothelial cells
The most important design objective of the SZ-21/chitosan-
coated stent was to accelerate the re-endothelialization and
healing process of the blood vessel wall. Therefore, the cell
compatibility of this LBL coating was evaluated in an endo-
thelial cell culture model with Eahy926 cells. As shown in
Figure 8, the endothelial cells on the SZ-21/chitosan

FIGURE 4. Fluorescence curve of RBITC-labelled SZ-21(the upper) and

FITC-labelled chitosan (the lower) show that the two compositions

can be assembled with layer by layer technology. The relative curve

of intensity and layers of SZ-21 in 562 nm and chitosan in 535 nm is

respectively shown in the upper right and lower right of the figure,

which clearly display the basic linear growth trend of SZ-21 and

chitosan.
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assembled membranes formed a single layer, keeping their
natural original shape. The results of endothelial cell adhe-
sion indicated that the endothelial cells were amicable to
this kind of bio-modified membrane. The free cell migration
assay was used to determine the effect of the assembled
coating on cell migration, for the evaluation of the activities
of endothelial cells attached to the sample surfaces. As can
be seen from Figure 9, the migration rates of the cells on
the LBL modified samples were higher than those on the
untreated PLLA membrane samples, indicating that the cells
already attached to the LBL-coated surfaces retained a

strong growth and migration viability, and were much more
activated, with an increase in the assembled layers.

mAb’s release characteristics of the assembled stent
The other design objective of the SZ-21/chitosan-coated
stent was to improve the release character of SZ-21 com-
pared with the physically absorbed method. Our previous
research31 had demonstrated that the SZ-21 release charac-
ter of the PLLA matrix presented the standard curve of pro-
tein absorbed when released from the surface of solid ma-
trix, which was significantly influenced by the different flow

FIGURE 5. Four major distribution of SZ-21 (RBITC-labelled) and chitosan (FITC-lablled) scanned by LSCM at z-scan mode: SZ-21 monolayer (A);

transition from SZ-21 monolayer to chitosan monolayer (B); chitosan monolayer (C); transition from chitosan monolayer to SZ-21monolayer (D)

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com].
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rates. Therefore, in this study, the perfusion was set at the
maximum rate (20 mL/min) to evaluate the release charac-
ter of the different coating methods. As can be seen from
Figure 10, SZ-21 could be continuously released from the
different coated matrix for about 2 weeks, and 60% of the
SZ-21 was still present on the SZ-21/chitosan-coated stent
wires with 10 bilayers, and 50% on the SZ-21/chitosan-
coated stent wires with five bilayers, but only 10% on the
coated stent, when using physically absorbed method. The
burst release of the SZ-21 also occurred in the three groups,
but had been alleviated when using the LBL self-assembly
technology to coat the stent.

DISCUSSION

The structure of the self-assembled membrane is affected
by a number of factors, such as the conformation of polye-
lectrolyte molecules, the average charge density, and the
speed of absorption, which can be controlled by adjusting
the temperature, substrate, polyelectrolyte solubility, molec-
ular chain of the charge density, solution concentration, pH
value, and solvent composition. Many studies show that in a
solution of considerable concentration, the strong polyelec-
trolyte in the solution is mainly affected by ionic strength
effects, but a weak polyelectrolyte, including protein, is
mainly affected by pH value and solvent polarity.44 Most of
the pH values play the most important role in the assembly
process. Adjusting the pH value can significantly change the
surface charge intensity, intersperse between the layers, the
degree of film thickness, and so on. Thus, it is reasonable to
adjust the assembly process by controlling the pH value of
the assembly solution. However, during the process of the
assembly, the bioactivity of the protein must be maintained
in different pH buffers, so the platelet aggregation assay
was used to evaluate the influence of pH on the mAb activ-
ity in present study. Platelet–platelet aggregation is an im-
portant physiological characteristic, which is an important
factor in the process of hemostasis and thrombosis. Deter-
mination of platelet aggregation in thrombosis has a great
significance for the clinical diagnosis of prestates and

thrombotic diseases. For a long time, detection of platelet
aggregation activity has been the gold standard for in vitro
platelet function evaluation.45

The SZ-21 has the ability to block the GP IIb/IIIa recep-
tors on the platelets, preventing the formation of fibrinogen
bridges, the final common pathway in platelet thrombus for-
mation.30 Although the chitosan is often used as a procoagu-
lant material, the hemostatic role of chitosan is indirect,
through its nonspecific adsorption of blood cells, rather
than a direct activation of the blood coagulation system.46

From the results of APTT and PT assays, it can be suggested
that SZ-21 contributed predominantly to the good anticoa-
gulation property of the assembled multilayer membrane, as
well as being an important part of the building block in this
coating system.

It was reported that chitosan itself could accelerate vas-
cular endothelial growth through inducing fibroblasts to

FIGURE 6. Morphology of adherent platelets on the surface of PLLA membrane (A), aminolyzed PLLA membranes (B), and assembled PLLA

membranes with (SZ-21/chitosan)10 layers (C) after 3 h of incubation in PRP.

FIGURE 7. Activated partial thromboplastin time (APTT) and pro-

thrombin time (PT) of PLLA membrane (negative control), aminolyzed

PLLA membranes (positive control), and assembled PLLA membranes

with (SZ-21/chitosan)10 layers (C) (n ¼ 6). Chitosan abbreviated as CH

in this figure.
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release interleukin-8, which is involved in the migration and
proliferation of fibroblasts and vascular endothelial cells.34

This conclusion is further proved in this study. Although SZ-
21 can inhibit vascular endothelial cell proliferation and
migration though the competitive effect of the avb3 receptor
on the membrane of endothelial cell,47 our results about
cell adhesion and migration on the SZ-21/chitosan
assembled membranes prove that SZ-21 is found to contrib-
ute no negative effects to cell growth in the complex with
chitosan.

The release profile has shown that the controlled release
of SZ-21 by using the LBL self-assembly technology has a
property of thickness dependence, which means that with
the increase of assembled layers, the rate of release is more
flat and slow. In the physically absorbed stent, SZ-21 mostly
permeates into the pores or defects that may exist in the
polymeric matrix. However, this permeability can be under-

stood on the basis of film homogenization in the LBL tech-
nology,48 as self-assembled films, pores or defects may exist
in the films when the deposited layers are few. However,
when the deposited layer thickness increase, the pores or
defects can be reduced or completely closed. As a result, the
film permeability decreases. Thus, the release of SZ-21 is
also controlled based on this mechanism. The release of SZ-
21 is also influenced by the degradation of chitosan and
PLLA in vivo, hence, the time relationship between the
release and degradation duration in vitro and in vivo must
been further investigated.

CONCLUSION

These encouraging early results indicated that the monoclo-
nal platelet GP IIIa receptor antibody SZ-21 could be used
as one composition of the assembled multilayer, for its

FIGURE 8. Morphology of SEM of the adherent Eahy926 cells on the assembled PLLA membranes with (SZ-21/chitosan)10 layers. (A) 2000� mag-

nification; (B) 4000� magnification.

FIGURE 9. Migration rates of the cells on LBL modified samples with

different layers (*p < 0.05, n ¼ 6; **p < 0.01, n ¼ 6). Chitosan abbre-

viated as CH in this figure.

FIGURE 10. In vitro kinetic drug-release profiles of SZ-21 from PLLA

coated stent prepared by physically absorbed and LBL assembled

method at 20 mL/min perfusion rate over 14 days in PBS–BSA at

37�C. Data are an average of three stents at each time point. Chitosan

abbreviated as CH in this figure [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com].
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ability to maintain antiplatelets in different pH buffers,
which demonstrated the feasibility to prepare a biocompati-
ble stent with mAb/chitosan multilayers. The assembly pro-
cess of the two kinds of materials was monitored by using
fluorescence spectroscopy and confocal laser scanning
microscopy scan, which proved the efficiency of the LBL
assembly technology. On evaluating hemocompatibility and
cytocompatibility in vitro when assembling the multilayer
on a PLLA matrix surface, the LBL assembly method with
mAb/chitosan multilayer appeared to be a promising appli-
cation, to promote the antirestenosis and antithrombosis
capacity of the surface-modified stent. The release of mAb
from the multilayer was also evaluated by the in vitro perfu-
sion system of the flow chamber, which showed an improve-
ment in the release character compared with the passively
absorbance method. Our method to prepare a biocompatible
stent surface with mAb/chitosan multilayers has proved to
be favorable and effective in vitro, thus justifying further
evaluation to improve the biocompatibility in an animal
model test.
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