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Vascular stent interventional therapy is the main approach
for the clinical treatment of coronary artery diseases.
However, due to the insufficient biocompatibility of car-
diovascular materials, the implantation of stents often leads
to serious adverse cardiac events. Neointimal hyperplasia
contributes to the pathophysiological process of several
different vascular disorders, such as restenosis after angio-
plasty, allograft vasculopathy, vein graft stenosis, and ath-
erosclerosis. Many novel biomaterials such as nanoparticles
have attracted tremendous interest. In this special issue, we
intend to cover recent experimental progress on the mod-
ification of stent materials. The purpose of this special issue
is to present the recent progress in biomaterials develop-
ment, modification, and potential application for inter-
ventional cardiology. A brief summary of all accepted papers
is provided below.

The paper reported by X. Yue et al. evaluated the me-
chanical performances of the existing four types of DES with
the length of 38 mm, including crossing ability, compliance,
elastic recoil, and longitudinal strength. Here, the 38 mm
long stents from XIENCE Xpedition (Abbott, US), SYN-
ERGY (Boston Scientific, US), FIREHAWK (Microport,
China), and HELIOS (HELIOS, China) were collected. The
results indicated that the stents from XIENCE Xpeditionand
SYNERGY performed the best crossing ability. The reduced
ratio of stent diameter from XIENCE Xpedition was the
least, indicating better compliance. In addition, the elastic
recoil percentage of stents revealed better elastic recoil in the
stent from SYNERGY. Moreover, the stent from XIENCE
Xpedition had less displacement under pressure with the

best longitudinal strength. The evaluation of mechanical
properties for the stent with 38 mm including crossing
ability, compliance, elastic recoil, and longitudinal strength
for long stents could provide a reference index for the
clinical application.

In the paper by S. Liu et al., they have reported the novel
fibronectin- (Fn-) loaded poly-L lysine/heparin nano-
particles constructed for stent surface modification. In vitro
blood compatibility and in vitro cellular compatibility
evaluations were tested. It is found that the incorporation of
Fn can improve the binding density of nanoparticles, which
may contribute to enhancing the anticoagulant properties of
the surface and thereby prevent the coagulation reaction
caused by the presence of Fn. In addition, the Fn-loaded
nanocoating was found to effectively improve the adhesion
and proliferation of vascular endothelial cells on the material
surface and thereby accelerate endothelium regeneration.
The results showed that the nanoparticles-modified surface
could effectively reduce platelet adhesion and activation and
provide adequate efficacy in promoting the adhesion and
proliferation of endothelial cells and thereby accelerate
endothelialization. Based on the structure and function of
the extracellular matrix on vascular injury healing, it pro-
vides a new approach for the surface biological function
modification of vascular stents.

In the paper by Z. Huang et al., they have reported the
capability of hydroxyapatite nanoparticles to deliver drugs.
Composites containing drug delivery compounds were
synthesized by coprecipitation and freeze-drying and then
characterized by scanning electron microscopy, X-ray


mailto:lijingan@zzu.edu.cn
https://orcid.org/0000-0002-8311-1739
https://orcid.org/0000-0001-5388-942X
https://orcid.org/0000-0003-0219-4200
https://orcid.org/0000-0001-7147-2214
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/4890483

diffraction, and Fourier transform infrared spectroscopy.
The use of hydroxyapatite nanoparticles (nano-SHAP) alone
did not affect the proliferation of normal cell lines. However,
nanoparticles containing the different amounts of norcan-
tharidin in the composite materials had different inhibitory
effects on osteosarcoma and different proliferative effects on
osteoblasts. Also, with the increase of the norcantharidin
dose, the antitumor performance of the composite has been
enhanced. In summary, the nano-SHAP system can inhibit
the growth of tumors and induce the proliferation of
osteoblasts.

The work by Y. Wang et al. has modified biscarbamate
cross-linked polyethylenimine derivative (PEI-Et) through
PEGylation and thus obtained polyethylene glycol-graft-
polyethylenimine derivative (PEG-Et 1:1), which has lower
cytotoxicity and higher gene transfection efficiency com-
pared with PEI-Et. In this study, PEG-Et 1:1 was employed in
Smad3 shRNA (shSmad3) delivery for preventing intimal
hyperplasia after vascular injury. It was observed that PEG-
Et 1:1 could condense shSmad3 gene into nanoparticles with
the particle size of 115-168 nm and zeta potential of 3-6 mV.
PEG-Et 1:1 displayed remarkably lower cytotoxicity, higher
transfection efficiency, and shRNA silencing efficiency than
PEI-Et and PEI 25kDa in vascular smooth muscle cells.
Moreover, PEG-Et 1:1/shSmad3 polyplex treatment signif-
icantly inhibited collagen, matrix metalloproteinase 1
(MMP1), MMP2 and MMP9 expression, and upregulated
tissue inhibitor of metalloproteinase 1 (TIMP1) expression
both in vitro and in vivo. Furthermore, intravascular de-
livery of shSmad3 with PEG-Et 1:1 polyplex efficiently re-
duced Smad3 expression and inhibited intimal thickening 14
days after vascular injury. Ultimately, this study indicated
that PEGEt 1:1-mediated local delivery of shSmad3 is a
promising strategy for preventing intimal thickening.

The paper reported by S. Mosbabhi et al. aimed to enhance
the antiosteoporotic performance of bioactive glass (46S6)
through its association with bisphosphonate such as
risedronate. In vitro and in vivo explorations have been
carried out. The association of bioactive glass and risedro-
nate has been performed by the adsorption process.
Structure analyses have been carried out to evaluate and to
understand the chemical interactions by the Solid Nuclear
Magnetic Resonance and the spectra deconvolution. In vitro
experiments showed the enhancement of the chemical re-
activity of the composites 46S6-xRIS compared with the
pure bioactive glass. In vivo results showed good behavior
with only 8% of introduced risedronate in the glass matrix.
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Objective. Single stent with 38 mm length has emerged as a potential solution for long lesion treatment using PCI. However,
long stents need to come over a longer lesion length combined with a higher incidence of tortuous calcification, requiring a
stent to provide superior transport and compliance and reduce elastic retraction. Here, we evaluated the mechanical
performances of the existing four types of drug eluting stents with 38 mm length, which could provide guidance for
clinicians to choose the proper stents for the patients. Methods. The stents with 38 mm length from XIENCE Xpedition
(Abbott, US), SYNERGY (Boston Scientific, US), FIREHAWK (Microport, China), and HELIOS (HELIOS, China) were
collected. Mechanical parameters of stents including crossing ability, compliance, elastic recoil, and longitudinal strength
were performed. Results. The resistance force of stents from XIENCE Xpedition was smaller than FIREHAWK (p <0.05),
which indicates that the stent from XIENCE Xpedition has better crossing ability. The ratio of stent diameter reduction from
both XIENCE Xpedition and SYNERGY was less than 3% with no statistical difference. In addition, the elastic recoil
percentage of stents from SYNERGY, XIENCE Xpedition, FIREHAWK, and HELIOS was 1.16%, 2.62%, 3.66%, and 4.19%,
respectively, indicating that SYNERGY had better elastic recoil compared to FIREHAWK and HELIOS (p < 0.05). Moreover,
the stent from XIENCE Xpedition had less displacement under pressure with the best longitudinal strength (p <0.05).
Conclusion. The evaluation of mechanical properties for the stent with 38 mm length including crossing ability, compliance,
elastic recoil, and longitudinal strength could provide reference index for more accurately clinical application for long
lesion treatment.

1. Introduction

Complex coronary lesions, especially the long lesion, still
remain a challenge for intervention cardiologists, which
usually require multiple stent implantations. The coronary
artery lesion greater than 20 mm is defined as a long lesion.
Percutaneous coronary intervention (PCI) preformation in
long lesion could be the overlapping of several stents, and in
fact, stent overlap has been reported in as many as 30% of
patients undergoing PCI. In the age of bare metal stents
(BMS), stent length was an independent predictor of in-stent
restenosis (ISR) [1]. Thus, often, PCI operation was not
recommended for the long lesion.

With the development of the drug-eluting stent (DES),
after the year of 2000, the risk of ISR dropped from 20%-
30% in the BMS era to 5%-10% in the DES era [2-6].
However, the late restenosis rate after DES implantation is
still relatively high [7], especially multiple stent implanta-
tion. The common approach for current clinical setting still
involves the overlapping of two short stents. Unfortunately,
the overlapping method in clinical application is deficiency
in some extent. Multiple stent implantation could result in
the excessive overlap of double-layer stent beams or the
geographical loss between the overlapped two short stents
easily, together with the prolonged operation time and
extensive medical expenses. For some type of long lesions,


mailto:fcctangjn@zzu.edu.cn
mailto:jyzhang@zzu.edu.cn
https://orcid.org/0000-0002-4340-5337
https://orcid.org/0000-0002-5284-2213
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2020/2594161

the overlapping length of stents can be either too long or too
short. While both of excessive overlap and longer total
length of the stents by less overlapping may lead to an
excessive incidence of ISR [8-10]. In addition, the medical
cost for cardiac patients could increase because of the usage
of multiple stents [11]. Previous reports also indicated that
stent overlap was associated with major adverse cardiac
events (MACE) [2, 12, 13].

However, recent clinical reports have shown that
overlapping latest generation of DES is safer and more ef-
ficient, compared to early-generation DES [12, 14]. More-
over, new stent designs with increasing length are emerging
as an alternative tool to reduce the needs of overlapping
multiple stents, during the percutaneous treatment of cor-
onary artery disease (CAD). Therefore, to treat the long
lesion during PCI became feasible [13, 15, 16]. In fact, one
single newer-generation DES with 38 mm in length has been
applied into clinical use for some specific patients. From a
clinical and economic perspective, the utilization of single
stents can significantly reduce the practice of overlapping
stents, resulting in lower ISR, shorter operation time, and
less cost. However, for long lesion treatment, single stents
need to provide superior transport and compliance and a
reduced elastic retraction, as well as an excellent longitudinal
strength, which are all relevant to their design and me-
chanical properties [14, 17, 18].

Until now, there is no sufficient data on the mechanical
properties of long stents applied for a long lesion in former
studies. Therefore, the goal of the present work was to
compare the mechanical performances of the existing DES
with 38 mm length, which gives the cardiologists a better
understanding of the performance of the current market
available DES. Here, we evaluated the crossing ability,
compliance, elastic recoil, and longitudinal strength of the
four popular stents with 38 mm length being used in current
clinical setting.

2. Materials and Methods

2.1. Samples. The stents with 38 mm length from XIENCE
Xpedition (X-stent) (Abbott, US), SYNERGY (S-stent)
(Boston Scientific, US), FIREHAWK (F-stent) (Microport,
China) and HELIOS (H-stent) (HELIOS, China) were col-
lected. The detailed parameters of the collected stents are
presented in Table 1. The size of four stents was 3.0 * 38 mm,
which was defined as a long stent. The X-stent, F-stent, and
H-stents were made by cobalt-chromium alloy (CoCr), and
the metal material of S-stent was platinum-chromium alloy
(PtCr).

2.2. The Method to Test the Crossing Ability. The test of
crossing ability is based on the standard of YY/T 0663.2-2016,
which is from the People’s Republic of China Pharmaceutical
Industry Standard. We used the push tester (resolution
0.001 mN) and plane vessel model with three curves as test
tools. We advanced the stent catheter system through three
curves (bending radius from proximal to distal: 16 mm,
12 mm, and 9 mm) in 15mm/s speed and pulled back to the
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initial. The resistance force was measured, and the maximal
value was used to evaluate the crossing ability.

2.3. The Method of the Compliance Test. The test of com-
pliance met with the standard of YY/T 0663.2-2016. Bending
test mold (cylindrical gauge) and image measuring instru-
ment were used as the testing tools. For the compliance of
stent, the stent was expanded with NP (nominal pressure,
stent diameter D1 was measured) and bended along a 16 mm
diameter cylinder (stent diameter D2 was measured). The
reduced stent diameter %= (D1-D2)/D1 % 100% could in-
dicate the compliance of the stent.

2.4. The Test of Elastic Recoil. In this trial, same standard as
the compliance test standard was employed. Using a vernier
caliper, we measured the stent diameter (ER-D1) when the
stent was expanded with NP and held the pump pressure.
We then measured the stent diameter (ER-D2) when the
pump was released. ER-D1 and ER-D2 was defined as the
average of detected diameters in the proximal, middle, and
distal location of the stent, which were measured at a dif-
ferent state. The elastic recoil %= (ER-D1-ER-D2)/ER-
D1 * 100%.

2.5. The Test for Longitudinal Strength. For longitudinal
strength, the stent was expanded with NP and compressed
by using a machine (Instron5943) with 0.1 mm/s speed from
ON up to 0.49N force, and the maximal compressed stent
length was measured. The less compressed stent length
indicated better longitudinal strength.

2.6. Statistic Analysis. Quantitative variables that follow a
normal distribution were expressed as mean + standard
deviation or abnormal distribution expressed as median
(range). Qualitative variables were analyzed as statistical
significance level of p value less than 0.05. Comparisons
among more than three groups were performed with One-
way ANOVA or nonparametric analysis followed with
multiple comparisons test. All statistical analyzes were
performed using Graph Prism7.0.

3. Results

The detailed parameters of the enrolled stents were pre-
sented in Table 1. The size of four kinds of stents was
3.0 * 38 mm, which was defined as one kind of long stents. In
the crossing ability test, when the different stents were
pushed and pulled back in 15 mm/s speed (Figure 1(a)), the
average resistance force was recorded. In general, a lower
resistant force indicates a better crossing ability. In this test,
the average resistant force was 923.23 mN, 1066.66 mN,
1900.00 mN, and 1766.66 mN for the X-stent, S-stent,
F-stent, and H-stent, respectively. When we compared the
average resistance force among the four groups, it clearly
showed that the F-stent generated highest resistance force,
and there was a significant difference compared with this
from X-stent groups (p < 0.05) (Figure 1(b)). Furthermore,
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TaBLE 1: The detailed information of the stents with 38 mm length from a different source.
Test item Crossing ability + compliance + elastic recoil + longitudinal strength
Brand Abbott Boston Scientific Microport HELIOS
Type XIENCE Xpedition SYNERGY FIREHAWK HELIOS
Size 3.0 %38 3.0 %38 3.0 38 3.0 %38
Sample size 3 3 3 3
’ cy 2500 - *

(a)

Force (mN)

2000

1500

1000

500

X-STENT S-STENT F-STENT H-STENT
(b)

FiGure 1: The resistance force of the stents in the test of crossing ability. The crossing ability test of the stents was completed by using
a catheter system (a). In this test, the resistance force was compared among stents from the X-stent, S-stent, F-stent, and H-stent (b).

*p<0.05.

Dimaeter reduction

percentage (%)

X-STENT S-STENT F-STENT H-STENT
(b)

FIGURE 2: The percentage of stent diameter reduction of the stents in the compliance test. Diameters of the stents were measured both before
and after the stent was bended along a 16 mm diameter cylinder (a). The reduced stent diameter% was compared among stents from the X-

stent, S-stent, F-stent, and H-stent (b).

the resistant force among the stents from XIENCE Xpedi-
tion, SYNERGY, and HELIOS was similar, which indicated
better crossing ability in these three groups.

In Figure 2(a), we presented the curved stent in the
standard angle for testing the compliance. The ratio of re-
duced stent diameter reduction is relevant to the ability of
the compliance. Often smaller ration implies better com-
pliance. In this test, the average ratio of stent diameter
reduction in the X-stent, S-stent, F-stent, or H-stent stents
was 2.11%, 2.89%, 3.30%, and 5.06%, respectively. According
to the data, it seems that X-stents hold a lower ratio of stent
diameter reduction. However, there was no statistical dif-
ference when we compared the ratio of stent diameter re-
duction among the four groups (Figure 2(b)).

In addition, a relatively smaller elastic recoil percentage
is corresponding to an excellent stent performance

(Figure 3(a)). The percentage of elastic recoil of stents from
the X-stent, S-stent, F-stent, or H-stent was 2.62%, 1.16%,
3.66%, and 4.19%, respectively. Further statistical analysis
indicated that the percentage of elastic recoil of stents from
the S-stent was significantly lower than that from the F-stent
and H-stent (Figure 3(b)). However, there was no difference
between the X-stent and S-stent (Figure 3(b)), which in-
dicates comparable performance between these two kinds of
stents.

Notably, longitudinal strength is an important indicator
for the mechanical performances of DES. After being
compressed by Instron 5934 and expanded by NP, the av-
erage maximal compressed stent length of X-stent, S-stent,
F-stent, or H-stent was 1.86 mm, 18.6 mm, 7.65 mm, and
3.18 mm, respectively (Figure 4(a) and 4(b)). Obviously, the
stents from the X-stent and H-stent had less displacement
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X-STENT S-STENT F-STENT H-STENT
(b)

FI1GURE 3: The percentage of elastic recoil of the stents. Using a vernier caliper, the stent diameter was measured before and after the pump
releasing (a). The elastic recoil% was compared among stents from the X-stent, S-stent, F-stent, and H-stent (b). *p <0.05; ** p <0.005.
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FIGURE 4: The maximal compressed stent length of the stents in the longitudinal strength test. Model 5943 Materials Testing was used in the
tested of longitudinal strength (a), and the compressed stent length from different source were measured under pressure (b). The maximal
compressed stent length was compared among stents from the X-stent, S-stent, F-stent, and H-stent (c). *** p <0.001.

under pressure compared with the S-stent and F-stent. This
result demonstrated that both X-stent and H-stent had
superb longitudinal strength (p<0.0001) (Figure 4(c)).
Surprisingly, S-stents presented the most displacement.
(Figure 4(c)).

4, Discussion

It has been investigated that high incidence of major adverse
cardiovascular events is associated with lesion length.
Coronary stenting is a milestone in the treatment of CAD

[19]. However, due to the complicated properties of the long
lesions, including distortion, calcification, and angle for-
mation, it has high demand in the surgeon’s skill and the
overall performance of the stent. Many animal and human
experiments have showcased that materials and design of
stents can have an important impact on postoperative ar-
terial intimal thickening, which is related to the formation of
in-stent restenosis [20-23]. Therefore, focusing on the
mechanical properties of the stent is important for reducing
adverse events after PCI. With the development of stents
design, the newly adopted a stent with 38 mm may
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potentially solve many problems in treating long lesions.
However, in the current market, a variety of different 38 mm
stents bring doctors some troubles in their choices. Hence,
this study provides a much-needed guidance for cardiolo-
gists to choose the best stents. Here, we focused on assessing
the mechanical properties of the DES with 38 mm length
available in the market, to assist clinicians select the proper
stents for a long lesion, which can reduce adverse events after
PCIL

Due to its complexity, the long lesion is often associated
with the vessel calcification, vascular circuity, and repeated
operation on the stents. Especially, the application of bal-
loons in the procedure of PCI is frequent for long lesion
treatment. Better longitudinal strength of stents could
prevent the stent deformation during the operated process.
In our present study, mechanical parameters like crossing
ability, compliance, elastic recoil, and longitudinal strength
have been evaluated for those four long stents with 38 mm
length, which may provide some reference for clinicians
when choosing the stents for application in patients. In this
study, X-stent performed significantly better than F-stent in
the test of crossing ability. In terms of compliance, X-stent
was better than other DES, although there was no significant
difference. Thus, X-stent could be listed as one of the top
choices when the long lesion companied with severe vessel
calcification and vascular circuity. S-stent showed signifi-
cantly improved percentage of elastic recoil when compared
to F-stent and H-stent, but was no significant compared with
X-stent. As to the longitudinal strength test, stents from the
X-stent achieved an overwhelming advantage compared
with the other three, which indicated that X-stent could be
the best choice when the PCI operation needs multiple
application of balloon. Inevitably, there are still some lim-
itations in this study. The sample size of this study is rel-
atively limited. Also, instead of assessing all mechanical
parameters of DES, only important ones were tested and
compared. Moreover, the assessment in this study was only
performed in vitro, without verification from in vivo or
human trials. Thus, further larger-scale studies with more
comprehensive data are essential to provide a better insight
for clinicians.

5. Conclusion

Mechanical performances of stent should be considered as
one of the major factors when clinicians perform the op-
eration of stent. Our present study compared the perfor-
mance of the four major 38 mm long stents, which may
provide a direct index for accurately clinical application.
Clinicians could make more accurate decision on the choice
of stent as well as the following treatment when combining
the detailed mechanical performance of stent and the pa-
tient’s condition.
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Hydroxyapatite can deliver drugs, and its composite material is capable of repairing bone defects in tumors. This study was
conducted to evaluate the effect of composite materials on tumor growth inhibition and bone growth induction. Composites
containing drug delivery compounds were synthesized by coprecipitation and freeze-drying and then characterized by scanning
electron microscopy (SEM), X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy (FTIR). In addition, the effect
of hydroxyapatite nanoparticles (nano-SHAP) on proliferation of an osteosarcoma cell line (MG-63) and an osteoblast cell line
(MC3T3-E1) was evaluated, and its mechanism was studied. The use of nano-SHAP alone did not affect the proliferation of
normal cell lines. However, nanoparticles containing different amounts of norcantharidin in the composite materials and had
different inhibitory effects on osteosarcoma and different effects on osteoblasts. And, with the increase of the content of
norcantharidin, the antitumor performance of the composite has been enhanced. In summary, the nano-SHAP system developed

in this study is a drug delivery material that can inhibit the growth of tumors and induce the proliferation of osteoblasts.

1. Introduction

Osteosarcoma (OS) is the most common primary malignant
solid tumor in humans between the ages of 10 and 25 [1]. Itis
characterized mainly by the destruction of and recurrence in
local tissue and is prone to distant metastasis. The widely
accepted treatment for OS, which includes routine surgical
resection and neoadjuvant chemotherapy, can improve the
short-term survival rate to 60—70% [2]. However, tumor
cells can remain in the area around the tumor resection site
after surgery, resulting in high recurrence and bone de-
struction. Adjuvant chemotherapy plays an important role
in killing the residual tumor cells and preventing tumor
metastasis and recurrence [3]. In addition, it is common
knowledge that bone defects need to be repaired using repair
techniques such as allogeneic bone transplantation, iliac
bone grafts, and irradiation bone grafts. However, there are
still disadvantages in these technologies. For example, al-
logeneic bone is one of the most commonly used materials

used for repairing tumor-induced bone defects, but it has no
antitumor effect and is associated with the spread of in-
fectious diseases and immune response [4]. Therefore,
biocompatible biomaterials have the potential to be anti-
cancer agents and to repair defects.

Composite materials, which comprise two or more
excellent biomaterials, exhibit the properties of those
materials. In recent years, composite materials composed
of inorganic and organic components have attracted
increasing attention. Depending on the characteristics of
the components, the composites are used in catalysts,
genes, and drug carriers [5, 6], for photodynamic and
photothermal effects [7], and for their antibacterial
properties [8, 9]. The organic components are important
for modifying the inorganic materials, improving bio-
compatibility, escaping mononuclear cell phagocytic
systems, and improving the therapeutic effects of the
composite [10]. The cited studies have shown that
composite materials will have a wide range of
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applications in the biomedical field and in many different
scientific fields in the future.

Inorganic salts and carbohydrates play a crucial role in
antitumor, bone regeneration, and biomineralization. Chi-
tosan (CS) is the only basic aminopolysaccharide found in
natural polysaccharides. It is widely used in many fields
because of its biocompatible, biodegradable, and good an-
tibacterial and antioxidant properties. CS can be used to
absorb metal ions or other chemicals which is used to resist
tumors [11]. Nanohydroxyapatite (nHAP) is the main in-
organic component of human bones and teeth, accounting
for 50-70% of human bone. Due to its good biocompati-
bility, biological activity, and osteoinductivity, nHAP added
to the CS material can increase mechanical performance and
mimic the natural structure of bone while maintaining
biocompatibility [12]. In addition, studies have shown that
CS/nHAP materials increase bone regeneration primarily by
upregulating osteogenic genes and promoting mesenchymal
stem cell (MSC) differentiation mineralization in vivo
[13, 14]. Due to the advantages of good stability, biocom-
patibility, bone conductivity, and bone induction, CS/nHAP
materials have been developed as osteogenic materials.

Strontium (Sr) ions not only promote the formation of
new bone but also inhibit bone resorption [15], which have
positive effects on promoting osteogenic differentiation of
MSCs, preventing the proliferation of osteoclasts [16], and
increasing the osteoinductivity of the composite. Marie et al.
[17] reported that low-dose Sr** can accelerate bone for-
mation and increase bone mass in animals. In the study by
Lei et al. [15], STHAP/CS was shown to have excellent cell
compatibility and that it supports adhesion, diffusion, and
proliferation of human bone marrow stromal cells
(hBMSCs). Sr** released by the material contributed to
osteogenic differentiation, and the presence of Sr in the
SrHAP/CS material enhanced alkaline phosphatase (ALP)
activity, extracellular matrix (ECM) mineralization, and the
expression of osteogenesis-related genes Col-1 and ALP.
Furthermore, the percentage of Sr in SrHAP had a large
effect on ALP activity. ALP activity gradually increased as
the Sr/Ca ratio in StTHAP increased and reached the max-
imum when the Sr/Ca ratio was 1:1. A high dose of Sr may
lead to bone mineralization defects and even cause bone
abnormalities.

Norcantharidin (NCTD) (7-oxabicyclo[2.2.1]heptane-
2,3-dicarboxylic anhydride) is a new anticancer drug
extracted and synthesized from traditional Chinese medi-
cine. It has remarkable anti-cancer properties and is the only
antitumor drug that can elevate white blood cell counts.
Previous studies have demonstrated that NCTD suppresses
the growth of numerous cancer cell lines, including oral
cancer [18], hepatoma [19], and prostate cancer [20], via
apoptosis, autophagy, and cell cycle arrest. Demethylcan-
tharidin tablets have been used in the clinical treatment of
hepatocellular, esophageal, and gastric cancer and leukemia
[21]. Itis reported that NCTD can play an anti-osteosarcoma
role in many ways. NCTD can inhibit the proliferation of
osteosarcoma cells by blocking the Akt/mTOR signal
transduction pathway and inducing G2/M cell cycle arrest in
143B and SJSA osteosarcoma cells in a dose- and time-

BioMed Research International

dependent manner. At the same time, NCTD led to the
upregulation of cleaved caspase-3 and an increase in the
downstream target cleaved PARP, which suggested that the
extrinsic pathway may also be involved in NCTD-induced
cell apoptosis [22]. By evaluating the effects of NCTD on OS
cell lines (MG63 and HOS) in vitro and in vivo, we found
that NCTD can inhibit cell cycle and induce apoptosis of
human OS cells. These effects are mediated by autophagy
induction, triggering ER stress and inactivation of the c-Met/
Akt/mTOR pathway [23]. It works when the proliferation
and apoptosis of normal cells are out of balance by inhibiting
and then inducing apoptosis of tumor cells [24]. Studies have
shown that 5uM of cantharidin kills nearly 45% of viable
tumor cells [25]. In addition, 10 M of cantharidin was used
to treat cells for different time periods and then western blot
was used to analyze protein levels. Cantharidin increased the
levels of p21 and phospho-p53 but decreased the levels of
cyclin E and Cdc25¢, which cause G0/G1 arrest [26]. NCTD
effectively induces TNBC cell senescence and cell cycle arrest
in vitro, accompanied by a decrease in phosphorylation of
Akt and ERK1/2 and an increase in p21 and pl6 [27]. At
present, the most common route of administration is oral
administration, which can lead to adverse reactions, such as
nausea and vomiting. However, we have not found any
reports that NCTD can be used as a composite biomaterial
with anticancer effect in human body. However, to the best
of our knowledge, few biomaterials can effectively kill re-
sidual tumor cells and repair bone defects after OS surgery.
For the first time, we tried to incorporate NCTD into bi-
ological composite materials, which not only can reduce the
systemic side effects caused by high blood drug concen-
tration but also provide a good method and attempt for anti-
osteosarcoma and osteogenesis.

In this study, we developed a novel strontium/chitosan/
hydroxyapatite/norcantharidin ~ (Sr/CS/HAP/NCTD  or
SCHN) composite that has certain osteoinductive properties
and a significant inhibitory effect on the proliferation of OS
cells. Experiments demonstrated that the inhibitory effect
induced apoptosis by upregulating the expression of pro-
apoptotic genes. In addition, the composite material reduced
the osteoclastic activity of tumor cells by downregulating
osteoclast-related genes. The composite shows good po-
tential for treating OS in situ and repairing tumor-related
bone defects.

2. Materials and Methods

2.1. Synthesis of Materials. SCHN composites were prepared
by the method of in situ precipitation. The specific methods
are as follows: three grams of CS powder (2% w/v; Sigma
Aldrich, St. Louis, Mo, USA) was dissolved in 2% acetic acid
solution and mechanical mixed at 60°C until the solution
was clarified. SrCl, 42 g and Ca(OH), 12 g were added into
deionized water in proper sequence. After stirring and
mixing smoothly, 30 g KH,PO, was added slowly to keep the
ratio of (Ca+Sr)/P at 1.67 and pH at 10, which was mixed
for 24 hours. The above two solutions were mixed and di-
vided into four parts, adding 0g, 5/6g, 5/3g, and 5/2¢g
norcantharidin, respectively. The above liquids were fully



BioMed Research International

mixed and added to 24-hole plate which was freeze-dried
overnight in a freeze-dryer at —60°C. The mixtures were
marked as Strontium/chitosan/hydroxyapatite/norcanthar-
idin0, Strontium/chitosan/hydroxyapatite/norcantharidinl,
Strontium/chitosan/hydroxyapatite/norcantharidin2, and
Strontium/chitosan/hydroxyapatite/norcantharidin3.  To
facilitate the marking, we refer to above materials as Q0, Q1,

Q2, and Q3.

2.2. Characterization of Materials

2.2.1. Surface Microstructure. The surface microstructure
and morphology of the samples were examined using a field-
emission scanning electron microscope (FE-SEM, Quanta
200, Thermo Fisher Scientific, Waltham, MA, USA) at an
acceleration voltage of 20kV. All samples were plated with
Au for 30s before undergoing SEM. In addition, the mi-
croscope was equipped with an energy-dispersive X-ray
(EDX) spectrometer to perform elemental analysis of the
composite.

2.2.2. Chemical Composition. The chemical composition of
the composite was obtained using an FTIR spectrometer
(Nicolet 6700, Thermo Fisher Scientific). The spectra of the
Q0-Q3 materials were recorded using the KBr particle
method with a 4000-400cm™' FTIR spectrophotometer.
Each infrared spectrum was the average of 32 scans collected

at 4cm”' resolution at 25°C over a range of 400-4000 cm ™.

2.2.3. Elemental Analysis. The elemental analysis of the
crystal phase exhibited on the powder was performed via
X-ray diffraction (XRD) with a stepwise scanning diffrac-
tometer (XPS, Rigaku, Tokyo, Japan) equipped with Cu K«
radiation target generated at 40kV and 30 mA. The data set
was collected in a 26 range of 10°-70" at 0.02° per step.

2.2.4. Swelling Behavior. The swelling behavior of the ma-
terials was evaluated using conventional methods [28].
Briefly, the dry weight of the material was recorded. Then,
the material was immersed in 37°C phosphate-buffered
saline (PBS), the wet weight was recorded for 1 hour and 24
hours, and the surface moisture was removed using filter
paper. The expansion ratio was calculated using the fol-
lowing equation:
(Wet weight — dry weight)
Dry weight '

Swell ratio =

(1)

2.2.5. Hemolysis Test. The method used had been reported
previously [29]. Briefly, blood-containing EDTA was taken
from volunteers and diluted to a blood : physiological saline
ratio of 4: 5. After 15 mg of the different composite materials
was placed in 1ml of normal saline, the mixture was in-
cubated at 37°C for 30 min. Deionized water and PBS (each
1 ml) were added as positive and negative controls, re-
spectively, followed by the addition of 200 ul of diluted blood

to each sample. The mixture was incubated in a constant
temperature water bath at 37°C for 60 minutes. Finally,
100 yl of the supernatant was transferred to a 96-well plate
after centrifugation. The optical density (OD) was measured
at 545nm using a microplate reader.

2.3. Biological Properties of Materials

2.3.1. Cell Proliferation and Toxicity. CCK-8 was used to
measure the proliferation of osteogenic MC3T3-E1 cells and
osteosarcoma MG-63 cells in the environment of composite
immersion solution. In brief, 100 ul of MC3T3-E1 cells or
MG-63 cell suspension was seeded at a density of 2x10*
cells/ml in 96-well plates separately; culture medium and
solution immersed in NCTD composites with different
concentrations are added in proper order, which are cul-
tured at 37°C. After 1, 4, and 7 days of incubation, the
original culture solution was replaced by 10% CCK-8 culture
solution in order to measure the OD value at 450 nm. The
cell viability was calculated as follows:

A, - A,
s 100%, 2
A_A]x 6 2)

cell survival rate = [
c b

where A, is the experimental well, A is the control well, and
Ay, is the blank well. All experiments were performed in
triplicate.

2.3.2. Apoptosis and Necrosis. The OS cell suspension
(500 ul) was seeded at a density of 2 x 10” cells/ml for 2 days
and detected using a CYTOMICS FC 500 MCL flow
cytometer (Beckman Coulter, Brea, CA, USA). Briefly, after
the extract of the composite material was added to the cells,
the supernatant and adherent cells were collected and
centrifuged at 1000rpm for 5min. The cell pellet was
resuspended in 100yl of PBS and incubated with 104l of
Annexin V-FITC and 5 pl of PI labeling solution for 20 min
at 24°C-28°C in the dark. Finally, the cells were analyzed
using flow cytometry, and the results were analyzed via
Cytomics FC500 flow cytometry CXP analysis.

2.3.3. Real-Time Polymerase Chain Reaction (RT-PCR).
Expression of apoptosis- and osteoblast-associated genes
was assessed using RT-PCR. MG-63 cells and MC3T3-E1
cells, respectively, were cultured with the composite extract
for 3 days. Total cellular RNA was isolated using TRIzol. The
RNA was separated into an aqueous phase by the addition of
chloroform. The colorless upper aqueous phase was then
transferred to a new 1.5ml tube to which isopropanol was
added to precipitate the RNA. Finally, the RNA was washed
with 75% ethanol and dissolved in enzyme-free water. RNA
concentration was determined using a NanoDrop™ 2000
spectrophotometer (Thermo Fisher Scientific). RNA from
each sample was reverse transcribed into complementary
DNA (cDNA) using a PrimeScript™ RT reagent kit (Takara
Bio Inc., Kusatsu, Japan) according to the manufacturer’s
instructions. Gene expression level of ALP, runt-associated
transcription factor 2 (Runx2), osteocalcin (OCN),



osteopontin (OPN), caspase-3 (CASP3), caspase-9 (CASP9),
and matrix metallopeptidase 9 (MMP9) were evaluated by
using iTap Universal SYBR® Green Spermix (BIO-RAD).
The relative expression level of each target gene was then
calculated using the 27**“" method. The relative mRNA
expression level of each gene was normalized to that of
GAPDH.

2.4. Statistical Analysis. All data were recorded as mean-
t+standard deviation. One-way analysis of variance
(ANOVA) was performed using GraphPad Prism 6.0
(GraphPad Software, San Diego, CA, USA). p<0.05 was
considered as significant difference.

3. Results and Discussion

3.1. Composite Properties. In situ precipitation is a common
method for preparing Sr/CS/HAP materials. In situ CS/HAP
composites have better mechanical and biological properties
than the physically prepared materials. The addition of Sr
can enhance the cell adhesion [30] and the expression of
osteogenesis-related genes [31] and promote osteoblast
differentiation [15]. More importantly, the addition of Sr
enhances the strength of the composites and improves the
solubility of hydroxyapatite [32]. The various shapes of the
HAP particles in the CS/HAP composite and the size of the
composite depend on the processing conditions.
Figures 1(a)—-1(d) shows the morphology of the synthesized
nanoparticles. The SEM images show that the materials were
porous, that the pore size of the Q1, Q2, and Q3 composite
materials was smaller than that of QO, that the materials were
made of small needle-like or plate-like crystals, and that the
structure changed with the addition of NCTD. The materials
had an irregular three-dimensional (3D) structure, and their
pores were tightly connected to each other. The 3D envi-
ronment may enhance cell-cell interaction and promote cell
biological activity [33, 34]. Thus, the prepared material may
be suitable for bone repair. Figure 1(e) shows the energy-
dispersive X-ray (EDX) spectrum of the Sr/HAP nano-
particles with the characteristic bands of Ca and Sr. The
(Sr+ Ca)/P ratio was about 1.66, which is similar to that of
standard HAP. These minerals are key components of bone
and tooth tissue.

3.2. Elemental Analysis of Q0, Q1, Q2, and Q3. In the XRD
spectra of QO0, Q1, Q2, and Q3, a narrow and pointed peak
was detected at 0 values of 24.98°, 31.6°, 40.82°, and 56.38",
respectively (Figure 2), which shows that all the diffraction
peaks correspond to the reflection of the composition of the
material. As the concentration of NCTD increased, the
diffraction spectrum lines narrowed and became sharper.
The peak at 22.2° indicated an increase in crystallinity and a
decrease in molecular size [35]. Meanwhile, traces of other
impurities were not detected by this technique.

3.3. Chemical Composition. The functional groups contained
in the composites were analyzed by FTIR. Figure 3 shows the
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representative FTIR spectra of the synthesized Q0 and Q1,
Q2, and Q3 nanoparticles. The characteristic peaks of CS
appear at 1668 and 1431 cm™', which correspond to the
bands of amide-I and amide-II, and the vibrational band at
1024 cm™ corresponds to C=0 stretching [9]. For NCTD,
the band at 860 cm ™! is attributed to the characteristic band
of OH stretching, which is also the characteristic band of
HAP [36]. Compared with QO, the tensile vibration in Ql,
Q2, and Q3 was enhanced, indicating that the addition of
NCTD into the material was successful.

3.4. Swelling Behavior. The swelling behavior of the material
was determined by immersing the composite materials in
PBS solution. Figure 4 shows that the swelling rates of the
composites were different; however, the calculated differ-
ences were not significant. In addition, the swelling rates of
the four materials did not change significantly during the
incubation period, indicating that they were very stable. The
difference in the swelling ratio among the materials, as seen
in Figure 4, may be due to experimental errors in the
materials.

3.5. Biocompatibility and Osteoinductivity. In this study,
blood compatibility plays an important role in biological
materials. Good biological materials should not cause red
blood cells to rupture. In a blood compatibility test with a
positive control (deionized water), a negative control (PBS),
and the sample groups, the positive control caused hemo-
lysis, with the released hemoglobin making the solution red
(Figure 5(a)). After centrifugation, the red blood cells in the
test tubes containing the material and the negative control
were sedimented and the supernatant was clear. A small
amount of the layer containing red blood cells was placed
under a microscope, and no cell rupture was observed. It can
be concluded that the material does not cause acute he-
molysis. On the other hand, it is well known that CS and
HAP possess excellent histocompatibility in bone repair.
Although the addition of NCTD to materials has a good
antitumor effect, it may also be toxic to normal osteoblasts.
CCK-8 was used to detect the cytotoxicity of the composite
to MC3T3-E1 cells. In all time intervals, Q1 and Q2 scaffolds
showed little toxicity; accordingly, the OD value increased
with the increase of incubation time, while the OD value of
Q3 did not change significantly. In conclusion, the results
indicate that the appropriate concentration of NCTD
composite has good biocompatibility to bone tissue.

3.6. Antitumor and Increased Osteoblast Characteristics.
To determine the optimal concentration of NCTD in the
material, the cytotoxic effect of NCTD on osteosarcoma
MG-63 cells and on MC3T3-E1 cells was determined using
the standard CCK-8 assay. Figure 6 summarizes the cell
viability of MG-63 and MC3T3-E1 cells after 1, 3, and 7 days
of cultured with different NCTD concentrations. Figure 6(a)
shows that, according to the CCK-8 assay, the osteoblast cells
cultured in the three extract media cultured on day 1 had
relatively similar absorbances as that of the control group
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FIGURE 1: (a)—(d) SEM images of the materials of the QO0, Q1, Q2, and Q3 composite materials, respectively. (e) EDX spectra of the
nanoparticles.
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FIGURE 2: X-ray diffraction spectra. FiGure 3: FTIR diffraction spectra.

(Q0) (p>0.05). After day 1, the absorbance values of all
groups increased, meaning that the number of live cells
increased. On day 3, the OD value and number of live cells of
the Q2 group increased (p <0.01), and the number of live
cells of the Q3 group increased (p < 0.05). On day 7, the OD

value and number of live cells of the Q1 group increased
(p<0.01), and the number of live cells of the Q2 group
increased (p < 0.05). At the same time, the absorbance values
of the other composite material groups were not statistically
significant (p > 0.05). Figure 6(b) shows the results for the
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OS cells. The OD value and the number of live cells in the Q1,
Q2, and Q3 composites gradually decreased compared with
the values for QO as the culture period increased. The QI,
Q2, and Q3 composites had a significant inhibitory effect
(p<0.01). On day 7, Q3 inhibited tumor growth better than
Q1 and Q2 (p<0.05). The results showed that different
NCTD levels affect cell viability differently. The higher the
tumor cell inhibition, the better the viability of normal cells.
Considering the effect of the composite extracts on the
osteoblasts, the Q2 concentration of NCTD is best at pro-
moting osteogenesis and inhibiting the proliferation of bone
tumor cells.

To demonstrate our hypothesis, on day 2 of the culturing
of OS cells with the different composite extracts, samples
were collected by flow cytometry for apoptosis analysis using
Annexin V-FITC and PI. Figure 7(a) shows that the Sr/CS/
HAP material (Q0) induced about 6.3% apoptosis and 5%
necrosis, whereas the apoptosis and necrosis rates of the Q1,
Q2, and Q3 materials were 5% and 6.8%, 4.2% and 6.5%, and

3.7% and 9.7%, respectively. Figure 7(b) results display the
apoptosis rate of Q2 and Q3 was significantly higher than
that of Q0 (p < 0.05), Q2 was significantly higher than that of
Q1 (p<0.05), Q3 was significantly higher than that of Q1
(p<0.01). The necrosis rate of Q1 was significantly higher
than that of Q0 (p <0.05), Q3 was significantly higher than
that of QO (p <0.001), and Q3 was significantly higher than
that of Q1 and Q2 (p <0.01), indicating that the addition of
NCTD significantly induced apoptosis of the OS cells.
Apoptosis increased with the increase in the concentration
of NCTD, which is consistent with recent research [37].
In addition, osteolytic bone resorption is common in OS
due to the osteolytic nature of OS cells. NCTD inhibits
protein, DNA, and RNA syntheses, so we quantified the
expression of OS, osteoblasts, and osteogenic-related genes
in the different composites. Apoptosis regulation involves
two major pathways: the mitochondria-mediated endoge-
nous pathway and the caspase-dependent exogenous
pathway [38]. In the caspase-dependent exogenous pathway,
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caspase-3 and caspase-9 are activated, which in turn leads to
the cleavage of PARP [39]. Our study demonstrated that
modification of the composite results in the upregulation of
cleaved caspase-3, suggesting that the exogenous pathway

s after 3 days of culture. All the genes were significantly in Q3

may be involved in inducing apoptosis. Studies have shown
that NCTD induces cell shrinkage, nuclear fragmentation,
and chromatin condensation in OS cells, which possibly
induce apoptosis through exogenous pathways [36]. MMP-9



degrades gelatin and collagen and is closely related to the
bone destruction caused by OS invasion. Figure 7(c) shows
that the relative expression of CAS3 and CAS9 was higher in
Q3 thanin QO (p < 0.05) and that the expression of MMP9 in
OS in the Q3 material was significantly lower than that in the
QO composite (p <0.05).

Figure 7(d) shows the mRNA expression levels of the os-
teogenic-related genes after osteoblasts were cultured in the
composite extracts for 14 days. After 14 days of culture, the
expression levels of Runx2, ALP, and OCN genes in the Q1, Q2,
and Q3 composites were significantly higher than those in the
control group, but the expression levels of the osteopontin
(OPN) gene were significantly lower than that of the control
group. In addition, Q3 had the greatest effect on the expression
of the osteogenic-related genes Runx2, ALP, OCN, and OPN
(p<0.01). Bone formation consists of three main phases:
proliferation, extracellular matrix maturation, and mineraliza-
tion. Both ALP activity and collagen secretion increase with early
osteogenic differentiation of osteoblasts [40], and Runx2 is the
most important transcription factor for early osteoblast differ-
entiation [41]. It has been reported that runx2 knockout mice
have systemic osteogenic mineralization [42]. Runx2 also plays a
role in the activation of genes involved in osteoblast differen-
tiation, including ALP and OCN. OCN is a late marker of
osteoblast differentiation, and its products indicate the onset of
ECM deposition [43]. The relative expression levels of the above
molecular indices were further confirmed by RT-PCR, con-
firming our understanding of the results in Figure 7(d).
However, the expression of OPN was downregulated. Previous
studies have demonstrated that OPN inhibits proliferation and
differentiation of MC3T3-EI cells [44]. Results of another study
suggested that OPN has the ability to promote reuptake of
osteoclasts as an effective stimulator of osteoclast absorption
[45]. Our results appear to be consistent with those of these
studies, suggesting that OPN, an inhibitor of osteoblast differ-
entiation, is inhibited by Sr/CS/HAP. The difference in the
results of the composites with respect to osteogenesis and
osteogenesis-related gene expression may be due to the differ-
ence in the level of NCTD in the composites. However, potential
mechanisms and signaling pathways require further research.

4. Conclusion

In the treatment of osteosarcoma, bone induction and in-
hibition of tumor cell growth are the key and difficult points.
The results showed that the material of norcantharidin
composite biomaterial had good biocompatibility, which do
well in antitumor properties in vitro and promoted the
mineralization of osteoblasts effectively. We believe that the
strontium/chitosan/hydroxyapatite/norcantharidin ~ com-
posite biomaterials have a positive impact on the treatment
of osteosarcoma. This study may provide information for the
introduction of promising implants in surgical resection for
OS hindlimb reconstruction.
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The present study aimed to enhance the anti-osteoporotic performance of bioactive glass (4656) through its association with
bisphosphonate such as risedronate with amounts of 8, 12, and 20%. Obtained composites have been called 46S6-8RIS, 46S6-
12RIS, and 46S6-20RIS, respectively. In vitro and in vivo explorations have been carried out. Bioactive glass and risedronate
association has been performed by adsorption process. Structure analyses have been carried out to evaluate and to understand their
chemical interactions. Solid Nuclear Magnetic Resonance (NMR) has been employed to study the structural properties of obtained
biocomposite. The spectra deconvolution showed the appearance of a species (Q%in the biocomposites 46S6-8RIS, 46S6-12RIS, and
46S6-20RIS indicating their successful chemical association. In vitro experiments showed the enhancement of the chemical reactivity
of the composites 46S6-xRIS compared to the pure bioactive glass. In fact, the silicon liberation after 30 days of immersion was
50 ppm for pure bioactive glass 4656, and 41, 64, and 62 from 46S6-8RIS, 4656-12RIS, and 46S6-20RIS, respectively. Based on the in
vitro results, 46S6-8RIS was implanted in the femoral condyle of an ovariectomized rat and compared with implanted pure glass in
the goal to highlight its anti-osteoporotic performance. After 60 days, implanted group with 4656-8RIS showed the increase in bone
mineral density (BMD with 10%) and bone volume fraction (BV/TV with 80%) and the decrease in trabecular separation (Tb/Sp
with 74%) when compared to that of 46S6 group. These results are confirmed by the histopathological analyses, which showed the
bone trabeculae reconnection after the 46S6-8RIS implantation. Chemical analyses showed the reduction in silicon (Si) and sodium
(Na) ion concentrations, and the rise in calcium (Ca) and phosphorus (P) ion levels, which was explained by the dissolution of
biocomposite matrix and the deposition of hydroxyapatite layer. Histomorphometric results highlighted the risedronate effect on the
antiosteoporotic phenomenon. Obtained results showed good behavior with only 8% of introduced risedronate in the glass matrix.

1. Introduction

Osteoporosis is a skeletal disorder characterized by low bone
density and an elevated risk of fracture. For its treatment, peo-
ple resorted to enhance tissue engineering through the asso-
ciation and the grafting of some anti-osteoporotic drug with
biomaterial. In our case the association has been established
between a bisphosphonate, which has a good anti-osteoporotic
effect in bone, such as the risedronate and bioactive glass hav-
ing an active surface. Indeed, risedronate reduce the bone
resorption directly and/or indirectly through the inhibition
of osteoclast recruitments to bone surfaces, the inhibition of
osteoclast activity on the surface and the shortening of the
osteoclast life span. Bioactive glass has received special

attention due to its enhanced bone-bonding ability. One added
advantage of silica based bioactive glass is its superior
bone-bonding ability [1], due to the silicon presence, which
play an integral role on in vivo bone formation [2].

The first of bioactive glass called 4555 was discovered by
Hench [3, 4]. It was completed by the 4656 which presented
the following chemical composition 46 wt% SiO,, 24 wt% CaO,
24 wt% Na,O and 6 wt% P,O;. Bioactive glass was used as
bone graft or filler [5], dental [6], cranio maxillofacial appli-
cations [7] and implant coatings [8] due to their good bioac-
tivity, osteoconductivity and osteostimulative properties.

The ability of biomaterial to bond to bone characterized
its chemical reactivity and it is known by the formation of an
apatite layer on its surface after its soaking in the simulated
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body fluid (SBF) [9]. This apatite layer facilities the bonding
interfaces between biomaterial and surround living bone after
its implantation [10].

Bioactive glass offers a good clinical application. The
kinetic of its chemical reactivity depends on its chemical com-
position. Consequently, its applications can be adapted for
young or aged people. The surfaces of bioactive glass due to
the presence of silicon facilities its bonding with the surround-
ing tissues and allow the enhancement of its biological and
therapeutic properties. Its possible association with some
chemical elements such as Zn, Mg, Sr,...) or organic molecules
present interesting physicochemical and physiological advan-
tages. It can be also associated with medical drug such as rise-
dronate presented in this work.

The grafting of bioactive glass and risedronate has been
carried out by adsorption process. Molecular adsorption is an
initial and important event of biological responses which pro-
gress hierarchically at interfaces between materials surface and
bimolecular. Therefore, it should be regulated completely for
progress of safer regenerative medicine and advanced biomed-
ical engineering.

The association and the coating of implanted materials
and the enhancement of physiological properties were well
developed recently in several fields such as orthopedic and
cardiology. The first study revealed the enhancement of
implanted material surface by its coating based on hyaluronic
acid and dopamine conjugate [11]. The second study under-
lined the improvement of cardiovascular implants surface by
the control of the molecular weight of the hyaluronic Acid
Conjugated of the amine grafted on the material surface [12].

In fact, this study aimed to understand the biological effect
of the grafting risedronate in bioactive glass surface after its
implantation at an osteoporotic model and to compare the
obtained results with these which were implanted with pure
bioactive glass. For that, physicochemical analyses, histological
and histomorphometric explorations have been performed.

2. Material and Methods

2.1. Bioactive Glass Synthesis. Bioactive glass with the chemical
composition of 46 wt% SiO,, 24 wt% CaO, 24 wt% Na,O and 6
wt% P,0, was synthesized by the melting process. The starting
materials, calcium silicate (CaSiO,), sodium metasilicate
(Na,SiO;) and sodium phosphate (NaPO,) were weighed and
mixed by mechanical mixer for 2 hours. The mixture was then
heated in a platinum crucible according to the following steps.
First, the temperature was ramped to 900°C and then kept at
900°C for 1 hour to decompose the chemical constituents.
Afterwards, the temperature was raised and kept at 1300°C for
3 hours to melt the reactive mixture. The melted bioactive glass
was then poured into preheated brass moulds and annealed
for 4 hours at the glass transition temperature (T,=536°C) to
remove the residual mechanical stress. After cooling to room
temperature, the bulk glasses were ground into powder and
sieved to obtain bioactive glass particles with size less than 40 ym.

2.2. Loading of Risedronate on the Bioactive Glass Surface by the

Adsorption Process. Adsorption experiments were performed
under physiological temperature (37+1°C), by dissolving of
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50 mg of bioactive glass sample in 5ml of risedronate solutions
(concentration ranging from 0.8 to 2mM) in a polyethylene
tube. The latter were processed through the dispersing of the
appropriate quantity of risedronate in a standard solution (1 mM
of KCl solution); the pH of the obtained solutions was stabilized
at 7.4 employing hydrochloric acid and potassium hydroxide
solutions. After ultrasound for 1-3 min, the suspensions
were incubated for 20, 40, 60 and 80 min without stirring
and centrifuged for 20 min at 15000rpm. For comparison,
two references have been prepared and incubated in the same
solution: the first contained only the risedronate while the second
contained the bioactive glass. After centrifugation, the obtained
composites were washed with deionized water, lyophilized,
filtrated on Millipore filters (0.2ym) and led to obtain our
composites (465S6-8RIS, 4656-12RIS and 4656-20RIS).

2.3. In Vitro Assays of 4656 and 4656-xRIS (x = 8, 12 and 20%)

in the Simulated Body Fluid (SBF). Chemical reactivity of 4656
and 46S6-xRIS were evaluated trough the soaking of 30 mg
of powder in 60 ml of the SBF solution during 1, 15 and 30
days at 37.0+0.2°C with shake at 50rpm. The SBF solution
composition was similar to the blood plasma. Its preparation
was described in our previous work [13]. After each soaking
period, the 46S6 and the 4656-xRIS powders were removed
and succeed by rinsing with the deionized water to stop the
chemical exchanges and then followed by absolute alcohol.
Powders were investigated by using several physicochemical
characterizations in the goal to understand the mechanism of
the hydroxyapatite (HA) layer formation. The SBF solutions
were kept in fridge to study the ionic exchanges between
biomaterial and SBF using the Inductively Coupled Plasma-
Optical Emission Spectrometry (ICP-OES).

2.4. Animal’s Model and Experimental Design. Thirty-two
Female Wistar rats aged between 16 and 19 weeks and weighed
between 250 and 300g were used in this study. They were
obtained from the central pharmacy of Tunisia. They were
housed in a specially equipped pet shop. Several parameters
were taken into consideration: the ambient temperature
between 23°C and 30°C and adequate ventilation have been
tried; they allow regulating the temperature and the humidity,
to ensure a good supply of oxygen and to eliminate the dust
and the bad odors. The required light intensity cycle for our
laboratory animals was 12 hours of light alternating with
12 hours of darkness. The rats were adapted to their new
condition during 10 days before the starting of the study and
were fed on a pellet diet (Sicco, Sfax, Tunisia) and tap water
ad libitum. The Tunisian ethical committee authorized the
experimental using of the animals. Sixty days after bilateral
ovariectomy for the creation of osteoporosis phenomenon,
rats were divided into four groups:

(i) T: Used as negative control: (none ovariectomized
and none implanted).

(ii) T+: Used as positive control (ovariectomized and
none implanted).

(iiif) 46S6: Implanted with pure bioactive glass (ovariect-
omized and implanted with 46S6).

(iv) 46S6-8RIS: Implanted with biocomposite (ovariect-
omized and implanted with 46S6-8RIS).
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2.5. Surgical Operation. Surgical operations were realized
under general anesthesia in aseptic conditions. Indeed,
for the anesthesia inductions, we used the chloral hydrate
depending on the body weight. The sites of surgical operation
were cleaned with 96% alcohol and antiseptic solutions.
The obtained empty defects were irrigated profusely with
physiological saline solution to eliminate bone debris. Bone
defects of 3 mm diameter and 4 mm deep have been created in
the lateral aspect of the femoral condyle using a refrigerated
drill to avoid necrosis. It was filled with 10mg of 4656 and
46S6-8RIS in the cylindrical forms. The closure of the wounds
was performed in layers (that is, fascias and the subcutaneous
tissue) using a resorbable suture lines in a continuous fashion.
All operated rats received subcutaneous analgesia during
three days after the surgical operation and they were allowed
unrestricted mobility during this period. Each rat receives a
clinical examination every day. After 2 months of implantation,
animals were sacrificed and samples (bone-biomaterials) were
collected and were used for biological and physicochemical
studies.

2.6. Physicochemical Characterization. The 46S6 and 46S6-
xRIS powders before and after soaking in SBF solution were
analyzed by several physicochemical techniques in the goal to
choose the best composite 46S6-xRIS for the in vivo assays.
Functional groups’ structure evaluation and chemical analysis
have been carried out.

2.6.1. Infrared Analysis. The Fourier Transformed Infrared
Spectroscopy (FT-IR) (Bruker Equinox 55) was used to
determine the functional groups of the prepared 4656 and
46S6-xRIS composites. In fact, fine powders were mixed
with KBr powder and the mixture subjected to a load of
10 tons/cm? in order to produce discs. FTIR collected spectra
were taken in the range 400 and 4000 cm ™' with resolution

of 2cm™.

2.6.2. Structure Analysis by Nuclear Magnetic Resonance. 46S6,
46S6-8RIS, 46S6-12RIS and 46S6-20RIS were ground and
disposed into zirconium Brokers rotors (4mm diameter).
High-resolution solid-state  NMR experiments were
acquired at room temperature and pressure using a Bruker
MAS spectrometer ASX300 (7T). The shift (ppm) has been
calculated from the reference: tetramethylsilane (CH;),Si
(TMS). Si MAS-NMR spectra have been fitted with Dmfit
software.

2.6.3. Inductively Coupled Plasma-Optical Emission Spectrometry
(ICP-OES). We used Inductively Coupled Plasma-Optical
Emission Spectroscopy (ICP-OES) using an iCAP 7000 series
(ThermoFisher Scientific). It can provide low cost multielement
analysis for measuring trace elements in a diverse liquid sample
range. In function of the element or the quantity analyses can
be made using various wavelength or axial/radial measurement.

This method is based on the atom’s ionization. It pos-
sessed a high sensitivity less than 1 ym/g. It permits to deter-
mine the amounts of all elements present in the studied
matrix. ICP-OES was used in this study to evaluate the ionic
exchanges firstly between biomaterials and SBF solution and

secondly between biomaterials and bone (interface

bone-biomaterial).

2.6.4. Ultraviolet-Visible Spectroscopy. We used Ultraviolet-
visible (UV-Visible) spectrophotometry using a 7315
Spectrophotometer (Jenway) with the integrated capacity
to realise various measurement modes: for absorbance, %
transmittance, concentration, spectrum scanning, kinetics
and quantitation. Its wavelength is on a range from 198 nm
to 1000 nm using a xenon lamp with a resolution of 1 nm and
accuracy of £2nm.

Risedronate content in the SBF solution was quantified
using UV spectroscopy absorption at 262nm as reported in
our previous work [14] in order to evaluate the kinetic of drug
release in the SBF solution during 1, 15 and 30 days of
immersion [14].

2.7. Biological Effect of Risedronate on the Osteoporosis
Phenomenon

2.7.1. Histological Analysis. Harvested implanted femoral
condyles have been fixed in Burdack (formalin) and included
in a mixture of poly-methylmethacrylate (PMMA) and
glycolmethacrylate (GMA) without prior decalcification.
Sections of 6-7 mm thick were debited along a transverse plane
using a sliding microtome (Reichert-Jung). Obtained sections
were stained by modified goldner trichrome.

2.7.2.  Micro-Computed  Tomography. Micro-computed
tomography represents a precise and effective technique to
visualize, assess and quantify bone healing, formation and
mineralization in a three dimensional volume of interest. The
scanning of femoral condyles was performed using a micro-
computed tomographic (¢CT) imaging system (Quantum
FX Caliper Life Sciences, PerkinElmer, and Waltham, MA,
USA). The voltage and the intensity of the X-ray source were
fixed, respectively, at 90V and 160 uA. Samples scanning
were realized with a resolution of 40 ym. After the correction
of the rotation and calibration center, the region of interest
reconstruction (ROI) was fixed. The same calibration system
and threshold was adopted for each scan. For the evaluation
of healing process, we used the Microview software for three-
dimensional 4CT images reconstruction. The bone volume
fraction (BV/TV), trabecular thickness (Tb/Th), trabecular
separation (Tb/Sp), trabecular number (Tb/N), bone mineral
density (BMD) and bone mineral content (BMC) have been
calculated using a specific software ABA analysis (Version 2.2;
GE Healthcare, London, Ontario, Canada).

Where: BV: bone volume in mm?, Tb: Total bone in mm?,
Trabecular Thickness (Tb/Th): It is the average thickness of
the trabeculae. The measurement unit is mm, Trabecular
Number (Tb/N): is the number of trabeculae per unit of
length. The unit of measurement is mm™', Trabecular
Separation (Tb.Sp): is the main diameter of the cavities con-
taining the bone marrow. The measurement unit is mm.

2.8. Statistical Analysis. The statistical analysis of the data was
studied using the Student’s ¢-test. All values are expressed as
means + standard error. Differences are considered significant
at the 95% confidence level (p < 0.05).



FIGURE 1: Structural model of silicate bioactive glass [15].

3. Results and Discussion

3.1. Assessment of 4656 and 46S6-xRIS Association Using NMR

Analyses. NMR technique is a power method to describe
the structure of materials. Identified species Q" characterize
structural units as shown in Figure 1. Figure 2 shows the
*Si MAS-NMR spectrum of 4656, which was decomposed
into two separate species. These species are centered at
8 = 80 and -86 ppm. They assigned to Q”and Q’ structural
units, respectively. Q2 and Q3 correspond, respectively, to a
tetrahedron linked into the network through two or three
bridging oxygen of SiO, [15] as shown in Figure 1.

Thanks to NMR software, the percentages of different spe-
cies have been evaluated. Q° represents 84% while Q’ shows
16% of the population of SiO, tetrahedrons [16]. The chemical
neutrality around the non-bridging oxygen of Q’ tetrahedral
is respected by the preferential presence of Na* cations and is
shown as Si (OSi);(O...Na). The nonbridging oxygens of Q’
species are rather combined with Ca**cations and Na* remain-
ing cations as presented in Table 1. These two combinations
could be expressed as Si (OSi),(0O,...Ca) and Si(OSi),(O...
Na), [17].

*Si MAS-NMR spectrum of 4656-8RIS underlined the
presence of these species with a slight displacement. We
revealed also the decline of Q” to 56% and the intensification
of Q” to 44%. This is explained by the transfer presence from
Q’ to Q’ species in the composition of 46S6-8RIS composite.
This data emphasize the risedronate effect on the pure glass
structural model. This result could be explained by the rise-
dronate effect in the cleaving of Si-O-Si link in the Q tetra-
hedral to form Q’ tetrahedral. Its association with the vitreous
pure glass matrix explains the risedronate effect in the break-
ing of Si-O-Si links. This result is in good agreement with
previous study during the association of pure glass with chi-
tosan. Thus, the deconvolution of the initial 46S6-Chitosan
composite shows two respectively attributed resonances to Q°
and Q’ units as observed in the initial pure glass. However,
the quantity of Q° is more than the one in the initial pure glass.
Accordingly, Oudadesse et al. demonstrate the transfer from
Q’ species to Q° species in the composition of 46S6-Citosan
composite [18].

The *’Si MAS-NMR spectrum of 4656-12RIS showed the
presence of Q° and Q’, respectively, with 55% and 44%. In
addition, we observed the emergence and development of a
new species Q* with a chemical shift centered at 109 ppm (1%).
The Q* characterizes the silicon in tetrahedral environment
with four bridging oxygen. This silicon environment corre-
sponds to pure silica (SiO,) [10]. However, the association
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FIGURE 2: 29Si NMR spectra of 4656, 4656-8RIS, 46S6-12RIS and
4656-20RIS after 40 min of their association by using adsorption
process.

TasLE 1: Contribution and chemical shifts of different species in *Si
spectra of 4656, 46S6-8RIS, 46S6-12RIS and 46S6-20RIS.

Species
Composites QZ Q3 Q4
ppm % ppm % ppm %
4656 -80 84 -86 16 0 0
46S6-8RIS -79 56 -85 44 0 0
6S6-12RIS -79 55 -85 44 -109 1
4656-20RIS -79 55 -85 40 -109 5

between 20% RIS and pure bioactive glass, showed the atten-
uation of Q° (40%) and the rising of Q' (5%). Subsequently, in
the 46S6-20RIS composition we revealed a transfer from Q’
to Q* species. The Q* emergence and development highlight
the perturbation of pure glass vitreous matrix. Consequently,
these findings emphasize the chemical link between bioactive
glass and risedronate, as shown in Figure 1.

3.2. Pure Bioactive Glass 4656 and 4656-xRIS Characterizations
before and after Immersion in SBF Solution

3.2.1. Investigation of 4656 and 4656-xRIS Behaviors before and
after the Immersion in the SBF Solution Employing Infrared
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FIGURE 3: (a) FTIR spectra of 4656, risedronate, 4656-8RIS, 46S6-12RIS and 4656-20RIS composites before soaking in the SBF solution [14].
(b) Infrared spectra of 4656, 46S6-8RIS, 46S6-12RIS, 46S6-20RIS and HA before after 1 day of immersion in the SBF solution. (c) Infrared
spectra of 4656, 46S6-8RIS, 46S6-12RIS, 46S6-20RIS and HA before after 15 days of immersion in the SBF solution. (d) Infrared spectra of
4656, 4656-8RIS, 4656-12RIS, 4656-20RIS and HA before after 30 days of immersion in the SBF solution.

Analysis (FTIR). As shown in Figure 3(a), FTIR spectra of
4656-8RIS, 4656-12RIS and 4656-20RIS before immersion,
revealed bands characterizing 4656 and risedronate. Thus,
these composites reveal the presence of Si-O band at the
wavelengths of 911cm™ and 1027 cm ™ which were slightly
shifted and attenuated intensity. Also, we note the existence of
two bands characteristics of C=0, the first at the wavelength

of 1700 cm™", which was slightly shifted to the right, and the
second at the wavelength 1130 cm ™' which intensified slightly.
We remark likewise the presence of C=N, C=C and of C-N=0
bands, respectively, at wavelengths 1200 cm™, 1666 cm ™' and
1570 cm ™" and which were slightly shifted to the right. In the
end, we notice the presence of P-O bands at wavelengths 468
and 537 cm™". These chemical interactions between RIS and
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FIGURE 4: Morphologies of 4656 [25], risedronate, 46S6-8RIS, 4656-12RIS and 46S6-20RIS before immersion in the SBF solution [14].

4656 highlights firstly the reactivity of our bioactive glass and
secondly the strong ability of risedronate to bind to bioactive
glass. Therefore, it was reported by previous studies [20]
that RIS has a potential to bind strongly to HA, this can be
explained by its affinity to bind to other molecules [21] and
as a result to bone tissue [22].

Pure hydroxyapatite spectrum has been used as reference
in this study and consists to emphasize these materials chem-
ical reactivity [23]. After one day, the interfacial reaction of
these biomaterials (4656 and 4656-xRIS) with the SBF physi-
ological solution leads to the modification of their initial bands
as shown in Figure 3(b). Therefore, bands at 932 cm™,799cm™
and 470 cm'still remain; these bands are characteristic of
bending and stretching vibration of the Si-O band in the pure
silica tetrahedrons SiO,. These results confirm the formation
of the silica-rich layer at the surface of these materials. In addi-
tion, we showed the appearance of new bands in the 46S6 and
46S6-xRIS spectra such as three phosphate bands at 565, 603
and 1039 cm " assigned to stretching vibrations of PO,’~ group
in phosphate crystalline phases. This data displays the calcium
phosphate layer formation. Also two carbonate bands at 874
and 1420 cm ™" are shown. The first band is characteristic of a
bending vibration whereas the second band attributes to a
stretching vibration of the C-O liaisons in carbonate groups.
These findings emphasize the carbonated hydroxyapatite layer
formation on 46S6-RIS surface (Figure 3(b)).

Fifteen days after the soaking in SBF solution, the charac-
teristic bands of hydroxyl carbonated apatite: PO, respec-
tively, at wave numbers 565, 603, 1039 cm ™' and CO,” at 874,
1420 cm ™" are well observed in the spectrum of 4656 and also
in the spectrum of 46S6-xRIS biocomposite. These character-
istic bands are being noticed well in the spectrum of 4656-8RIS
biocomposite. This confirms the good crystallization of the
apatite layer on the surface of 46S6-8RIS biocomposite as
shown in Figure 3(c).

FTIR spectra of 4656, 46S6-8RIS, 4656-12RIS and 46S6-20RIS
after 30 days of immersion in SBF are illustrated in Figure 3(d).
They showed the appearance of several bands such as:

(i) The characteristic bands of hydroxyl carbonated apa-
tite (PO43 7) are observed at 565, 603 and 1039 cm™
and CO,”” at 874 and 1420cm™". These bands are
more intensified in the 46S6-8RIS spectrum which
can contribute to the good crystallization of the for-
mation of an apatite layer on its surface.

(ii) Three Si-O-Si bands observed at 470cm™" (bend-
ing vibration), 799 cm™ (bending vibration) and
1075cm™" (stretch vibration) indicating the silica
gel presence. It is due to the polymerization process
at the glass surface. Subsequently, the appearance
of both mineral apatite and silica gel highlights the
chemical interactions between the biomaterial and
the physiological solution as described by Hench
et al. [23, 24]. Consequently, these data exhibit the
bioactivity of both 46S6 and 46S6-xRIS biocom-
posite. Therefore, they illustrate the good effect of
risedronate on the pure glass bioactivity. In fact, the
46S6-8RIS composite shows the speedy formation of
well-crystallized apatite layer on its surface and in a
quickest moment as compared to the 46S6.

3.2.2. Investigation of 4656 and 4656-xRIS Behaviors before and
after the Immersion in the SBF Solution Using the Scanning

Electron Microscopy (SEM). The SEM photographs of
risedronate presented in Figure 4 manifest the presence of
blocks formed of contiguous lamellas, while the surface of
4656 bioactive glass was smooth fragments [25]. Moreover, in
the 46S6-8RIS and 46S6-12RIS surface, risedronate adhered
to the bioactive glass particles and created some interstices
on the surface of the 46S6-xRIS composite. The risedronate
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FIGURE 5: Morphologie of 4656 (a), 46S6-8RIS (b), 46S6-12RIS (c) and 46S6-20RIS (d) after 1 day of immersion in the SBF solution.

molecules modify strongly the surface morphology of pure
bioactive glass. However, after the incorporation of 20% of RIS
to 4656, the 4656-20RIS surface was completely surrounded
by risedronate filaments. These results are in good agreement
with others reported works after the association of 46S6 with
chitosan [18] and zoledoronate [21] and underlining the
chemical reactivity of 4656 surface.

After 1 day of soaking, the morphology of the 4656 and
46S56-8RIS surface is quite similar for both compositions, pre-
senting particles packed in spherical aggregates (Figures 5(a)
and 5(b)). This result is in coincidence with result reported
for the composite of 46S6 with magnesium [24] at same
condition.

The microstructures of the 4656 bioactive glass and of the
4656-xRIS composite after 30 days of soaking in SBF solution
are shown in Figure 6. The surface of bioactive glass is covered
by fairly homogeneous particles. In the composite 46S6-8RIS
(Figure 6(b)), the risedronate molecules do not appear. This
indicates that the risedronate molecules are released from the
surface of the 46S6-8RIS composite into the SBF solution. This
result underlines the therapeutical effect of this composite. In
fact, risedronate can be released from the composite 46S6-8RIS
to the surrounding environment and heal bone pathologies
after its implantation. As a consequence, this result is very
interesting for biomedical applications. In addition, we noticed

a hydroxyapatite layer formed on the surface of the 4656-8RIS
composite. The surface of the bioactive glass-8RIS composite
is covered by a dense apatite layer which is composed of small
hydroxyapatite crystals of identical shape. It was appeared that
the hydroxyapatite layer formed on the surface of 46S6-8RIS
composite is denser and more visible than that of pure glass
46S6. This result is in agreement with those reported for the
composite of 4656 associated with chitosan [18] and zoledro-
nate [21]. However, after 30 days soaking of 4656-12RIS and
46S56-20RIS (Figures 6(c) and 6(d)), SEM micrographs did not
reveal the layer of hydroxyapatite but changing of surfaces
with a creamy aspect were observed. These results exhibit that
the use of risedronate with a large quantity has mitigated the
bioactivity and the chemical reactivity of 46S6. This result
coincides with others which underline the decrease in the
46S6-xMg reactivity with the increase in magnesium quanti-
ties after 30 days [24]. This could be due to the fact that the
high quantities of risedronate encased bioactive glass blocks
and inhibits the ionic exchange between bioactive glass and
SBF solution and as a consequent it retards the apatite
formation.

3.2.3. Study of Silicon, Calcium and Phosphorus Releases in the

SBF Solution through the ICP-OES Analysis. Results reported
after the powder characterizations were completed by the
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FIGURE 6: 4656 (a), 4656-8RIS (b), 4656-12RIS (c) and 46S6-20RIS (d) morphologies after 30 days of immersion in the SBF solution.

chemical analysis evaluated on the SBF solution obtained
after each immersion periods. Regarding silicon amount, it
represents an indicator of bioactive glass dissolution when
calcium and phosphorus amounts serve to comprehend the
calcium phosphate formation [26]. Therefore, these results
are very essential to understand the ionic exchanges between
biomaterial surface and SBF solution.

As shown in Figure 7(a), silicon released in speedy manner
during the first day from 0 to 50 ppm for the 4656 and from 0
to 41 ppm for the 46S6-8RIS on average. The quickest release
of silicon ions is an indicator of the first stage of dissolution
by breaking up of the outer silica layers of the network high-
lighted by nuclear magnetic resonance (NMR). The solid silica
dissolves in the form of monosilicic acid Si (OH), to the solu-
tion resulting from breakage of Si—-O-Si bonds and formation
of Si-OH (silanols) at the glass solution interface. However,
the risedronate presence diminishes this phenomenon and
consequently the glass matrix dissolution. Therefore, it was
released up to 30 days. The 4656 and 4656-8RIS, containing
less risedronate, release much silicon in the SBE In fact,
46S6-12RIS and 46S6-20RIS released, respectively, 64 and
62 ppm of silicon after 30 days of immersion. Thus, the bioac-
tive glass grains are locked in the risedronate matrix, which
explains the lower release. These results improved the progres-
sive degradation of the 4656 silica network in the SBF
solution.

As illustrated in Figures 7(b) and 7(c), calcium and phos-
phorus releases are shown, they revealed the same looks. Indeed,
calcium and phosphorus concentrations decrease continually
from 1 day up to 30 days. It explains the calcium and phosphorus
consumption by bioactive glass. However, calcium and phos-
phorus consumption increased with the decrease in risedronate
quantity in the composite 46S6-xRIS. This low kinetic of calcium
and phosphorus absorption leads for better crystallization of
hydroxyapatite. However, the integration of bioactive glass with
its high bioactivity stimulates the consumption of calcium and
phosphorus and induces the hydroxyapatite formation.

3.2.4. Evaluation of Risedronate Kinetic Release in the SBF

Solution Using Ultraviolet-Visible Spectroscopy. The risedronate
kinetic release from the 46S6-xRIS composites to the SBF
solution after 1, 15 and 30 days of soaking are presented in
Figure 8. Therefore, after 1 day it was quickly released from
all composites but more pronounced in the composite 4656-
12RIS and 46S6-20RIS. Moreover, after 30 days its liberation
was stabilized in the composite 46S6-8RIS and still persists
for the other. This clarify that all risedronate present in the
composite 4656-8RIS are released in the SBF and consequently
permit the ionic exchange between biomaterial and SBF
solution. This data underlined also that the 4656-8RIS glass
matrix degradation is more obvious than of 4656-12RIS and
46S6-20RIS. Therefore, for the 46S6-12RIS and 46S6-20RIS,
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the risedronate keep going to release after 30 days which
justify that its glasses matrix are encased by risedronate and
consequently illustrates its slow degradation and the retarding
of HA formation on its surface.

The in vitro accessed results conducted our in vivo exper-
iments for the 4656-8RIS evaluation through its implantation
in osteoporotic rats.

The concentration of risedronate after 40 min of incuba-
tion was evaluated in our pervious study by the mathematical
equation: A

& (ex1)

(1)

C, (Mm)
Composites 1 day 15 days 30 days
4656-8RIS 0.29 0.19 0.19
4656-12RIS 0.49 0.08 0.05
46S6-20RIS 0.79 0.47 0.39

where A is the absorbance, ¢ is the molar extinction coefficient
(cm*/mol); 1 the distance traveled by the light beam in the
sample (cm).

The molar absorption coefficient was approximately
3.9x10° at pH 7.4 [20].

C=GCy-C, 2)
C;: risedronate fixed on the 46S6 surface after 40 min.
Cr = Cf - Cs (3)
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FIGURE 9: Histological sections stained with Goldner trichrome (x200) of ovariectomized rat (a), ovariectomized rat implanted with 4656 (b)
and ovariectomized rat implanted group with 46S6-8RIS (c) after 60 days. Arrows: indicates disconnection of bone trabeculae. *: Mineralized

bone tissue. #: Osteoid tissue. &: Bone marrow.
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FIGURE 10: Bone mineral content (BMC) (a) and bone mineral density (BMD) (b) after 60 days of 46S6 and 4656-8RIS implantation in
ovariectomized rats. T: None ovariectomized and none implanted, T": Ovariectomized and none implanted, 46S6: Ovariectomized and
implanted with 4656, 46S6-8RIS: Ovariectomized and implanted with 46S6-8RIS.

C,: risedronate retained on the 4656 surface. C;: risedro-
nate released in the SBF solution.

C,=C-C, (4)

C.: risedronate retained on the 4656 surfaces.

3.3. Study of 4656 and 46S6-8RIS after Implantation in the

Femoral Condyle of Osteoporotic Rats. In vitro results highlight
the good chemical reactivity of the composite 4656-8RIS. For
that, we proceeded to evaluate its antiosteoporotic effect through
its implantation in the femoral condyle of ovariectomized rats.
Biomaterials have been inserted in the femoral condyles of rats
as described in materials and methods section with respect to
ethics. Sampling has been carried out 60 days after implantations.

3.3.1. Histological Evaluation. Modified Goldner’s trichrome
staining was used to understand the in vivo behavior of 4656
alone and in association with risedronate in comparison
with the ovariectomized rats. Femoral condyle of OVX
rats revealed the presence of thin trabeculae with reduced
intertrabecular forming nodes which are most often rich
in bone morrow cells characterizing osteoporotic model.
Bone substance loss implanted with 46S6-8RIS implants
demonstrates more advanced healing than bone treated with
46S6 alone. Mineralized tissue, sign of bone neosynthesis,
was more abundant in the case of 4656-8RIS than 46S6. This
mineralization is initiated by fibro cartilaginous tissue. After
60 days of implantation, the 4656-8RIS implant is proven to
be able to generate mature bone tissue and better integrated
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and implanted bone with 46S6-8RIS (d) after 60 of implantation in rats.

than the other implant. This is explained by the presence of
risedronate in this composite which enhanced the osteoblastic
cells formation and retard or stopped the osteoclastic formation.
In fact, bisphosphonate can retard the osteoclast formation
directly by the inhibition of the mevalonate pathway [27] and
indirectly by the alteration of factor secretions from osteoblast,
such as interleukin-6, that regulates the differentiation or
activation of osteoclasts [28, 29]. This repair by the 46S6-
8RIS composite essentially consists of seeing normal bone
trabeculae with a well-reduced intertrabecular space. A fibro
cartilaginous aspect in radiation characterizes this ossification.
As well, 60 days after implantation, biomaterials were well
tolerated by the surrounding bone tissue. There is no evidence
of inflammation or infection at the surgical site. As a general
conclusion, 60 days of 46S6-8RIS implantation is sufficient
for the resorption of our material and its replacement by the
newly formed bone tissue (Figure 9).

3.3.2. Bone Quality and Quantity: Assessment by MCT

Scanning. In this study, the quantity and the progress of bone
healing within the femoral condyle defect was evaluated by the
UCT technique. Ovariectomized rats presented a significant
decrease (p < 0.05) in bone mineral content (BMC) (Figure
10(a)) and bone mineral density (BMD) (Figure 10(b)) as
compared to the control rats. Nevertheless, the implantation
of these rats with 46S6-8RIS increased BMD by 10% and BMC
by 80% (46S6-8RIS versus T, both p < 0.05).
Three-dimensional images of trabecular bones are pre-
sented in Figure 11. The OVX rats exhibited the destruction

of bone trabecular which was explained by the presence of
osteoporotic phenomenon (Figure 11(b)) compared to the
control group (Figure 11(a)). The implantation with 4656
(Figure 11(c)) and 46S6-8RIS (Figure 11(d)) underlines the
reconnection and the restoration of bone trabecular compared
to the OVX group. Healing was remarkable after the 4656-8RIS
implantation. This result highlights the antiosteoporotic effect
of risedronate. Indeed, the well regeneration of bone tissue in
the implanted group with 4656-8RIS is due to the presence of
risedronate which enhance bone formation. Several studies
developed the effect of bisphosphonate in the enhancement
of bone restoration such as the alendronate [30].

In addition, the association of bisphosphonate with the
material enhanced its fixation in the bone defect, for that, sci-
entific experts proposed the using of bisphosphonates as coat-
ing for the fixation of orthopedic bioimplant. In fact, BPs
incorporated into orthopedic implants can be used to reduce
periprosthetic osteolysis at the implant/bone interface, allow-
ing orthopedic implants to achieve a stronger primary fixation
[31] by the inhibition of osteoclast action [32].

As shown in Figure 12, after 60 days of the 46S6 and
46S6-8RIS implantations in the ovariectomized rats, we
revealed a modification of the trabecular architecture param-
eters. Indeed, we showed a significant decrease in bone volume
fraction (BV/TV), trabecular number (Tb/N), and trabecular
thickness (Tb/Th), respectively, with 74%, 16%, and 62% and
a significant increase in trabecular bone pattern factor (Tb/
PF) and trabecular spacing (Tb/Sp)), respectively, with 50%
and 49% in the ovariectomized rats as compared to the control
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FIGURE 12: Bone volume fraction (BV/TV) (a), Trabecular Number (Tb/N) (b), Trabecular Thickness (Tb/Th) (c), Trabecular bone pattern
factor (Tb/Pf) (d), and Trabecular separation (Tb/Sp) (e) after 60 days of 4656 and 46S6-8RIS implantation in ovariectomized rats. T: None
ovariectomized and none implanted, T*: Ovariectomized and none implanted, 46S6: Ovariectomized and implanted with 4656, 46S6-8RIS:
Ovariectomized and implanted with 4656-8RIS.

TABLE 4: Distribution of Ca, P, Si, Na, and Fe in bone of control group (T), ovariectomized (T*) and implanted, respectively, with 4656 and
4656-8RIS after 60 days. “p < 0.01versus T, p < 0.01 versus T* group, Values are expressed as mean + SD of rats.

Elemental analysis Groups Ca (mg/g) P (mg/g) Si (ug/g) Na (mg/g) Fe (ug/g) Ca/P
T 250.0+0.9 141.0+0.9 26.0+0. 1 9.6+0.1 718.0+0.9 1.77
T" 215.0+0.7" 138.0+0.8"" 25.0+0.8"" 9.0+0.5" 715.1+0.8" 1.55
4656 233.1+0.8% 140.1+0.8"# 62.0+0.8""# 11.1+0.6 725.0+0.7 1.66
46S6-8RIS 248.2+0.7°*# 143.2+0.6"*# 50.0+0.5*% 10.1+0.2 720.0+0.9 1.73

reconnection of bone trabecular and the restoration of bone
architectural parameters. Therefore, it restored the BMD to
the initial bone quantity. This may be explained by the anti-

group. Moreover, the 4656 implantation increased the BV/TV,
Tb/Th and Tb/N, respectively, with 48%, 42%, and 50% and
diminished the Tb/PF by 38% and Tb/Sp by 13% as compared

to the osteoporotic rats. By contrast, the 4656-8RIS implanta-
tion expanded BV/TV by 42%, Tb/Th by 55%, and Tb/N by
16% and reduced Tb/PF by 20% and Tb/Sp by 29% as com-
pared to the implanted group with 4656. Consequently, the
implantation of osteoporotic rats with 46S6-8RIS leads to the

osteoporotic effect of risedronate. Therefore, it stabilized the
osteoblast and osteoclast number equilibrium in the osteo-
porotic bone by the inhibition of the osteoclast formation.
Indeed, risedronate act directly on osteoclasts and interferes
with specific intracellular biochemical processes such as
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isoprenoid biosynthesis and subsequent protein prenylation
to inhibit cell activity [33]. The administration of bioactive
glass associated with risedronate to the osteoporotic bone
induces the reconnection of bone trabecular. The quality of
formed bone during the 4656-8RIS implantation was normal
and there was no evidence of impaired mineralization based
on bone histomorphometrical findings.

The same results are shown after the comparison of
implanted ovariectomized rats with mesoporous bioactive
scaffold alone and in association with alendronate, which
highlight the enhancement of bone structure and histomor-
phometrical parameters in the implanted group with the sec-
ond composite [34], and subsequently underlined the good
effect of biomaterial and bisphosphonate association for the
regeneration capacity of osteoporotic bones.

3.3.3. Determination of Bone Mineral Content using ICP-

OES. The intracellular and extracellular response of bioactive
glass depends upon the release of soluble ionic forms of Si, Ca,
P and Na from glass surface to the surrounding environment.
As shown in Table 4, the Ca and P contents for the OVX,
OVX-4656 and OVX-4656-8RIS declined significantly when
compared to the control group (P < 0.01). Concerning Si, Na,
and Fe amounts, there are no significant variations detected in the
OVX group when compared to those of the control group. The
46S6 and 4656-8RIS implantation in the ovariectomized group
enlarged the Ca and P levels; however, most amounts were
revealed in the 4656-8RIS. Simultaneously, we observed the reduc-
tion of Si content in the 46S6-8RIS compared to the 46S6.
Nevertheless, Ca and P extended for the 46S6-8RIS. These data
explain the speedy degradation of bioactive glass matrix and the
fastest calcium phosphate layer formation at the surface of the
implanted material. This finding was emphasized by the Ca/P
ratio, which was about 1.66 in the 4656 group and 1.77 in the
46S56-8RIS group. These results explained the well-crystallized and
matured HA layer shown after the combination of 8% of risedro-
nate with the glass matrix. This layer indicated the 4656-8RIS
chemical bioactivity and its transformation into biological apatite
as bone. These clarify the primordial role of released risedronate
from the biomaterial to surround the bone in the calcification of
the newly formed bone. On the other hand, for the Fe content
there are no significant variations observed in all groups. In fact,
Fe trace content, performed in 46S6-8RIS-bone area, revealed the
presence of cavities previously filled with red blood cells.

4. Conclusions

The chemical association of bioactive glass with risedronate
by the adsorption process (46S6-8RIS, 46S6-12RIS, and
46S56-20RIS) was revealed by the perturbation of the 4656 glass
matrix and the appearance of new species (Q*) in the *Si
MAS-NMR spectrum. The in vitro study of the obtained com-
posites was tested through its soaking in a physiological fluid
and showed the retarding of 46S6-xRIS composite bioactivity
with the increase in risedronate quantities added to the bio-
active glass. However, the use of risedronate with less content
enhances its chemical reactivity for that the good crystallized
hydroxyapatite layer was detected for the 46S6-8RIS. For that,

BioMed Research International

in our in vivo experiment, we explored only the 4656-8RIS in
the goal to study its anti-osteoporotic effect after its implan-
tation in the femoral condyle of ovariectomized rats. Sixty days
after implantation, a good anti-osteoporotic performance of
the 4656-8RIS was shown by the reconnection of bone trabec-
ulae, the enhancement of bone microarchitectural parameters,
and the reestablishment of the phosphocalcic ratio (Ca/P) to
the biological value. This is explained by the risedronate
release and the local treatment of osteoporosis.
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Vascular stent interventional therapy is the main method for clinical treatment of coronary artery diseases. However, due to the
insufficient biocompatibility of cardiovascular materials, the implantation of stents often leads to serious adverse cardiac events.
Surface biofunctional modification to improve the biocompatibility of vascular stents has been the focus of current research. In
this study, based on the structure and function of extracellular matrix on vascular injury healing, a novel fibronectin-loaded poly-1-
lysine/heparin nanoparticles was constructed for stent surface modification. In vitro blood compatibility evaluation results
showed that the nanoparticles-modified surface could effectively reduce platelet adhesion and activation. In vitro cellular
compatibility evaluation results indicated that the nanocoating may provide adequate efficacy in promoting the adhesion and
proliferation of endothelial cells and thereby accelerate endothelialization. This study provides a new approach for the surface

biological function modification of vascular stents.

1. Introduction

Cardiovascular diseases (CVDs), such as coronary artery
diseases (CADs), continue to be the leading cause of death
globally [1]. Although the extensive clinical application of
vascular stents has significantly improved the survival rate
of patients with CADs, adverse cardiac effects caused by in-
stent thrombosis and restenosis often lead to implantation
failure [2]. With the in-depth exploration of the mecha-
nism of pathological response induced by material im-
plantation, it is widely accepted that the rapid
endothelialization on the surface of cardiovascular mate-
rials after implantation is an ideal way to reduce the risk of
postoperative complications. Currently, in-situ regulation
of platelets and vascular cells behavior via surface biological
function design and microenvironment construction has
become a hot topic [3].

In the human body, the repair of vascular endothelium
depends largely on the existence of vascular basement
membrane [4], which is a kind of extracellular matrix
composed of laminin, collagen, nestin, and heparin sulfate
polysaccharide. Because of the important role of extracel-
lular matrix components in cell growth, extracellular matrix
proteins are also commonly used in surface modification of
biomaterials to promote the growth behavior of vascular
cells. Matrix proteins and some adhesive proteins, such as
fibronectin (Fn) [5, 6], laminin (Ln) [7, 8], and collagen
(Col) [9, 10], may bind to the specific receptors that are
expressed on endothelial cells (ECs) and initiate a variety of
intracellular pathways so as to promote a series of biological
behaviors, such as cell adhesion, migration, growth, and
proliferation. However, extracellular matrix components
can not only promote cell growth but also lead to platelet
adhesion and activation and then cause thrombosis [11, 12],
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which greatly limits the application of extracellular matrix
coating in the field of cardiovascular materials. Therefore, it
is necessary to find a way to construct the biological coating
that may provide adequate properties to inhibit the function
of protein molecules in promoting coagulation reaction
without affecting the positive efficacy on endothelium
regeneration.

Construction of multifunctional layer containing anti-
coagulant molecules and adhesive proteins on the surface of
cardiovascular materials would be helpful to realize the
selective regulation of the biological behavior of blood
components and vascular cells and then to inhibit thrombus
and restenosis, as well as accelerate endothelialization.
However, in the current research on surface biological
modification of cardiovascular materials, many functional
coatings were often found having few beneficial effects on
the direction of vascular neointimal regeneration. The main
reasons are as follows: First, the limitations of the con-
struction methods of biological coatings on materials sur-
face, for example, the introduction of biomolecules on the
surface of materials by covalent immobilization, may lead to
the decrease of biological activity [13], while the biological
coatings constructed by the interaction between bio-
molecules (such as electrostatic assembly) also have the
defects of intermolecular functional domain shielding and
lack of stability. Second, the constructed biological func-
tional layer is not effective for a long time in vivo, so it is easy
to release or degrade in the complex dynamic environment
of the body and lose its functional activity rapidly. In recent
years, multifunctional nanoparticles have gradually shown
great potential in the controlled release of biomolecules and
the regulation of cellular behavior [14, 15]. Compared with
other controlled release systems, the unique nanoeffect of
nanoparticles system greatly increases its loading capacity
and can separate the active molecules from the surrounding
environment to avoid rapid inactivation [16].

In our previous studies, we constructed a novel heparin/
poly-l-lysine nanoparticle for surface modification of car-
diovascular materials and found that the nanocoating can
effectively improve the anticoagulant properties [17]. In
order to further enhance its potential to promote endothelial
regeneration, fibronectin was loaded onto nanoparticles to
provide sufficient cell binding sites to accelerate endothe-
lialization after stent implantation. It was found that the
nanoparticles could be successfully immobilized to the
dopamine-coated surface and the modified surface exhibits
proper functions of inhibiting coagulation reaction and
promoting the adhesion and proliferation of endothelial
cells. This study provides a feasible method for surface bi-
ological function modification of cardiovascular materials.

2. Materials and Methods

2.1. Materials and Reagents. 316L stainless steel (316L SS)
was processed into round shape (P10mm, ~1.2mm
thickness) and mirror-polished. Fibronectin (Fn), dopamine
(DA), and poly-l-lysine (PLL, MW 150~300KDa) were
purchased from Sigma-Aldrich. Low molecular weight
heparin sodium (Hep, >180 U/mg), acid orange II (AO II),
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toluidine blue O (TBO), and rhodamine 123 were purchased
from Aladdin BioChem Technology Co., Ltd (Shanghai,
China). 0.0067 M phosphate-buffered saline (PBS, pH 7.4)
was used for PLL, Hep, and Fn solution preparation.

2.2. Preparation of Fn-Loaded Hep/PLL Nanocoating on 316L
SS Surface. As shown in Figure 1, the nanoparticles were
immobilized on the DA-coated 316L SS surface. A detailed
protocol for DA coating deposition can be referred to our
previous study [7]. For nanoparticle preparation, 100 yg/ml
Fn solution was mixed with an equal volume of 10 mg/ml
heparin solution and incubated at 37°C for 3 h. Then, 0.5 mg/
ml PLL solution was added dropwise to equal volume of
Hep/Ln mixture under high-frequency ultrasonic conditions
to formulate the Fn-loaded Hep/PLL nanoparticles. After
that, DA-coated 316L SS was placed in a 24-well plate and
0.5 ml of nanoparticle suspension was added to the sample
surface. The plate was subsequently placed in an air bath
shaking table and incubated at 37°C for 12h with gentle
shaking (60-65rpm) (termed as SS-DA-NPF). The sample
modified with only Hep/PLL nanoparticle was set as the
control group and termed as SS-DA-NP.

2.3. Size and Zeta Potential Analysis. The size, zeta potential,
and particle dispersion index (PDI) of prepared nano-
particles were characterized by dynamic light scattering
using a ZETA-SIZER, MALVERN Nano-2590 (Malvern
Ltd., Malvern, UK).

2.4. FTIR Assay. The alteration of surface chemical structure
during surface modification was detected by Fourier
transform infrared spectroscopy (FTIR). The FTIR assay is
carried out by using the attenuated total reflection (ATR)
model on the Tensor-27 infrared spectrum (Bruker, Ger-
many). The infrared adsorption between 4000 and 650 cm™"
was recorded at room temperature and atmospheric
conditions.

2.5. Quantitative Characterization of Amine Group and
Heparin Exposing Density. Surface amine density was de-
tected by the AO II method. The samples were initially
immersed in 1 ml of 0.5 mM AO II solution (in pH =3 HCI)
and incubated at 37°C for 6 hours with gentle shaking.
Afterward, the samples were thoroughly rinsed with HCI
solution (pH =3). Then, the samples were placed on a filter
paper, and the surface was dried with a gentle blow. Next, the
samples were immersed in 1 ml of NaOH water solution
(pH =12) and shaken at 37°C for 30 minutes. Finally, 150 ul
of NaOH solution mixed with eluted AO II was transferred
into a 96-well plate, and the absorbance value was detected at
485 nm. The AO II molar concentration was parallel to that
of the amine group.

TBO assay was prepared to detect heparin exposing
density of nanoparticle-modified surfaces. First, the samples
were placed in a centrifuge tube, and 5ml of 0.04 wt.% TBO
solution (in 0.01 M HCI/0.2 wt.% NaCl solution) was added.
The tube was subsequently placed in an air bath shaker and
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FiGure 1: Schematic drawing of fibronectin-loaded nanoparticles fabrication and immobilization.

incubated at 37°C for 4 hours with gentle shaking (~60 rpm).
Next, the samples were thoroughly rinsed with UP water and
immersed in 5ml of 80% ethanol/0.1 M NaOH (v/v=4/1)
solution. After being shaken for 10 minutes, the solution
mixed with eluted TBO was transferred to a 96-well plate,
and the absorbance value was detected at 530 nm.

2.6. Water Contact Angle and AFM Assay. The alteration of
surface hydrophilicity during nanoparticles modification
was detected by using a DSA25 contact goniometer (Kriiss
GmbH, Germany). The test was carried out at room tem-
perature, and at least 3 independent points of each sample
were measured.

The morphology of nanoparticles-modified surface was
detected by atom force microscopy (AFM) (Bruker Innova,
Germany). The test was conducted at room temperature, and
the image was processed by NanoScope Analysis software.

2.7. In Vitro Platelet Adhesion Assay. Human whole blood
was taken from healthy volunteers. The blood that was
anticoagulated by using 3.8% sodium citrate (1/10 in volume
ratio) was firstly centrifuged at 1500 rpm for 15min to
acquire platelet-rich plasma (PRP). The sample was then
placed in a 24-well plate, and 0.5 ml PRP was added to each
well to ensure that the sample was fully immersed in PRP.
Subsequently, the plate is placed in a constant-temperature
water bath shaker and incubated at 37°C for 2 hours with
gentle shaking. After that, the sample was rinsed with
normal saline and the platelets adhered on the surface were
fixed in 2.5% glutaraldehyde for over 12 hours. For platelets
fluorescence staining, 50 ul of 1ug/ml rhodamine 123 so-
lution was added to each sample surface and incubated at
room temperature for 20 min. The morphology of adherent
platelets was observed under an inverted fluorescence
microscope.

P-selectin expression was detected to evaluate the
platelet activation profile on different sample surface. A
detailed protocol can be referred to our previous study [7].

2.8. ECs Adhesion and Proliferation Assay. Endothelial cells
(ECs) were isolated from human umbilical cord veins and
cultured in DMEM/F12 medium containing 15% fetal

bovine serum (FBS) and 20 yg/ml ECGS. The culture me-
dium was changed every 2 days. The cells were isolated with
0.25% trypsin/EDTA solution when the fusion degree was
over 85% and adjusted to 1x 10°cell/ml by using fresh
culture medium for subsequent cell seeding.

316L SS and SS-DA that were used for cell seeding were
presterilized by high pressure steam, and the immobilization
of nanoparticles was carried out under aseptic conditions.
All samples were placed in a 24-well plate, and 1 mlEC
suspension was added to each well and incubated at 37°C
under 5% CO, for 1 and 3 days, respectively. At each time
point, the culture medium was removed and the fresh
medium containing 10% CCK-8 reagent was added to the
culture for 3.5 hours. After that, the absorbance of the
culture medium at 450 nm was detected to evaluate the cell
proliferation activity on different sample surfaces. Then, the
samples were fixed in 2.5% glutaraldehyde solution for
subsequent cell fluorescence staining. A detailed experi-
mental protocol can be referred to our previous study [7].

2.9. Statistical Analysis. At least three independent experi-
ments were performed for the tests described above. The
data were analyzed with the software SPSS 22.0. Statistical
evaluation of the data was performed using one-way
ANOVA. The probability value p<0.05 was considered
significant.

3. Results and Discussion

3.1. Size and Zeta Potential Analysis. According to Table 1,
the average size of blank nanoparticles is 313 + 19 nm. After
loading Fn, the particle size decreased slightly (287 + 26 nm),
which was mainly due to the increase of the internal force
caused by the interaction between Fn and heparin, which
enhanced the compactness of the particles. The results of
zeta potential show that the incorporation of Fn has no
significant effect on the charge of nanoparticles, which may
be partly related to the lower Fn concentration when
compared with heparin and PLL. On the other hand, the
absolute values of zeta potential of both NP and NPF are
higher than 20 mV, which indicates that the particle system
has adequate stability. Besides, for nanoparticle system, it is
generally considered that the particle size is more uniform



TaBLE 1: Size and zeta potential of prepared nanoparticles.

Zeta potential (mV) Size (nm) PDI
NP -27.3+0.5 313+19 0.102 £ 0.052
NPF -262+14 287 +26 0.049 +£0.011

when the dispersion coefficient (PDI) is less than 0.2, and the
lower the dispersion coefficient, the better the uniformity.
The results show that the PDI values of the prepared
nanoparticles are lower than 0.2, indicating that both NP
and NPF are of favorable uniformity.

3.2. FTIR Assay. Figure 2 shows the infrared spectroscopy of
NP- and NPF-modified surface. According to the result, for
the DA-coated surface, the peaks related to benzene ring
structure could be observed at 1600 cm™ and 1502cm™’,
which indicates the success deposition of dopamine coating.
By comparison, obvious new absorption peaks were
emerged after immobilization of NP and NPF. In detail, the
absorption peaks in the range of 2850-3000 cm™" are related
to the vibration of -CHj and -CH,- groups. The new peaks at
1666 cm™" and 1545cm ™" are related to the stretching vi-
bration of amide I and amide II from PLL molecular
structure, respectively. In addition, the new peak at
1230cm™" is related to the vibration of C-O-S and S=O
groups, and the peak at 1062 cm ™" is related to the vibration
of C-O-C group. Both of these two peaks further demon-
strated the existence of heparin.

The above results show that both NP and NPF are
successfully immobilized on the dopamine-coated surface.
On the other side, when compared with the NP-modified
surface, the peak intensity of amide bond on the NPEF-
modified surface is obviously increased at the same co-
ordinate, which may be related to the existence of Fn in
nanoparticles, or to the difference in the immobilization
density between NP and NPF.

3.3. Quantitative Characterization of Heparin and Amine
Exposing Density. The quantitative results of amine group
and heparin exposing density on the surface of different
samples are shown in Figure 3. The results show that there is
a small amount of amine group (1.42 +0.33 nmol/cm?) on
the DA surface; however, after NP immobilization, the
exposure density of amine group was greatly increased
(7.2 + 1.4 nmol/cm?). This was mainly due to the PLL used in
this study is an amino-rich polycationic electrolyte. When
compared with NP, the amine exposing density on NPF-
modified surface is further increased, which was mainly
related to the existence of the Fn molecule. The immobili-
zation of nanoparticles on the DA-coated surface largely
depends on the chemical reaction between amino groups
and quinoid groups; thereby, the increase of amino density
may promote the immobilization of nanoparticles on the
surface. As demonstrated, the exposure density of heparin
on the NP surface was 12.38 + 1.87 ug/cm?, while that of the
NPF-modified sample increased to 14.72 + 2.23 ug/cm®. The
results also proved the conclusions of the FTIR results.
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On the other hand, according to our previous study [17],
it is found that a certain amine group (0-13 nmol/cm?) and
heparin exposing density (3-10 ug/cm®) on material surface
are helpful to the selective regulation of blood and cellular
behavior. In this study, the surface amine and heparin ex-
posing densities detected are in the above range, so the
modified surface may provide favorable efficacy in regu-
lating the biological behavior of platelet and vascular cells.

3.4. Surface Physical and Chemical Properties. The hydro-
philic and hydrophobic properties of the material surface
can be simply characterized by the measurement of water
contact angle. According to Figure 4, when compared with
316L SS, the water contact angle increased slightly after
dopamine deposition. This is mainly due to the hydrophobic
benzene ring structure on the SS-DA surface. After
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FIGURE 4: Alteration of surface hydrophilicity during surface modification (mean +SD, n=6).

immobilization of NP, the water contact angle was signifi-
cantly decreased (*p <0.05); this is mainly due to that the
heparin and PLL molecules contained a variety of hydro-
philic groups, such as-COOH, -NH,, and-SOs;. In com-
parison, the hydrophilicity of NPF-modified surface was
turther increased. This may be related to the increase of
heparin and amine exposing density on the surface, which
increases the content of hydrophilic groups on the surface.

According to the study, when the water contact angle is
in the range of 30~60 degree, the biomaterial surface may
facilitate cell adhesion and proliferation via preferentially
adsorption of adhesive serum proteins, such as collagen,
fibronectin, or vitronectin [18, 19]. In addition, the in-
crease of hydrophilicity on the surface of the sample will
trigger the desorption of viscous proteins [20], which is
helpful to reduce the adhesion and aggregation of platelets
on the surface of the material. In this study, thereby, the
NP- and NPF-modified surface may provide adequate
hydrophilicity to regulate platelets and vascular cells
behavior.

Figure 5 shows the AFM morphology of the sample
surface before and after modification of nanoparticles. It can
be observed that the SS-DA surface is relatively smooth with
existence of few small particles, which is mainly formed
during the self-polymerization of dopamine. In comparison,
both NP- and NPF-modified surface showed obvious par-
ticle structure, and the particle size is about 300 to 400 nm,
which is consistent with the results shown in Table 1. In
addition, no obvious particle aggregation was found on the
NP- and NPF- modified surface. This may be related to the
high zeta potential value of prepared nanoparticles, which
can effectively inhibit the agglomeration of particles during
the process of immobilization.

3.5. In Vitro Platelet Adhesion Assay. As a blood contact
device, favorable hemocompatibility was usually taken into
first consideration. In this study, in vitro platelet adhesion
and activation were prepared to evaluate the anticoagulation
efficacy of the modified surface. Figure 6(a) shows the results

of rhodamine 123 staining of adherent platelets after in-
cubation in platelet-rich plasma for 2 hours. It can be seen
that there are a large number of platelets adhered to the
surface of SS and SS-DA; in particular, serious aggregation of
platelets could be observed on SS-DA surface, which in-
dicates that the blood compatibility of the sample is poor.
For the NP- and NPF-modified surfaces, the platelet ad-
hesion density was dramatically decreased, and no obvious
platelet aggregation and activation were found. P-selectin
expression result further demonstrated that the NP- and
NPF-modified surface may inhibit platelet activation
(Figure 6(b)). Although numerous studies have shown that
fibronectin is a procoagulant [21, 22], the biological function
of the modified surface is closely associated with the syn-
ergistic effect of different biomolecules. The heparin density
on the surface of NPF-modified samples is relatively high,
which can effectively block the coagulation pathway, inhibit
platelet adhesion and activation, and thereby improve blood
compatibility.

3.6. ECs Adhesion and Proliferation Assay. The effect of
modified surface on ECs adhesion and proliferation be-
havior is shown in Figure 7. Rhodamine 123 fluorescence
staining result (Figure 7(a)) shows that ECs displayed a well-
spread morphology on 316L SS and SS-DA surface. In
comparison, the cell coverage area on NP-modified surface
was significantly decreased and showed a shrinkage mor-
phology after incubation for 1 and 3 days, which indicated
the activity of adhered ECs was poor. For the NPF-modified
surface, the ECs adhesion density was obviously increased,
and the adherent cells showed classical cobblestone mor-
phology. CCK-8 assay was used to further detect the pro-
liferation activity of adherent cells. As shown in Figure 7(b),
the NP-modified surface showed the lowest CCK-8 value
after 1- and 3-day culture, while the proliferation activity
was significantly increased (* p <0.05) on the NPF surface.
The EC proliferation ratio from day 1 to 3 further dem-
onstrates that surface modification with NPF may accelerate
endothelialization (Figure 7(c)).
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FIGURE 5: Morphology of nanoparticles-modified surface determined by AFM.

Rapid endothelialization is one of the most important
requirements for the surface modification of vascular
stents. For biofunctionalized surface, the bio-
compatibility is closely related to the surface physico-
chemical characteristics and biological properties. In
particular, the synergistic effect of a variety of bio-
molecules plays an important role in the regulation of
tissue-material interface response. In this study, the cell
adhesion density and proliferation activity of NP-
modified surface significantly decreased; this is mainly
due to the high density of heparin on the modified
surface. According to our previous study, the heparin-
ized surface may inhibit cell growth when heparin-
binding density is more than 10ug/cm® [17]. This is

mainly related to the high negative charge of heparin,
which may trigger the blocking effect to some important
intracellular signaling pathways that closely associate
with cell adhesion and proliferation behavior [23-25].
On the other hand, although the NPF-modified surface
showed higher heparin exposing density, the in-
corporation of Fn may bring abundant cell adhesion
sites, and therefore, the cell proliferation activity was
enhanced. In summary, the surface of NPF modified
samples not only showed adequate efficacy of inhibiting
platelet adhesion and activation but also exhibited fa-
vorable property of accelerating endothelialization, both
of which are helpful to improve the clinical performance
of biomaterials implanted into blood vessels.
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4. Conclusion

In this study, novel Fn-loaded heparin/poly-l-lysine nano-
particles were constructed and immobilized to dopamine-
coated 316L SS surface to improve the biocompatibility. It is
found that the incorporation of Fn can improve the binding
density of nanoparticles, which may contribute to enhancing
the anticoagulant properties of the surface and thereby
prevent the coagulation reaction caused by the presence of
Fn. In addition, the Fn-loaded nanocoating was found to
effectively improve the adhesion and proliferation of vas-
cular endothelial cells on the material surface and thereby
accelerate endothelium regeneration. Molecular biological
mechanism of the synergistic effects among different bio-
molecules in vascular remodeling and endothelium re-
generation will be investigated in future studies.
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Intimal hyperplasia is a complex process which contributes to several clinical problems such as atherosclerosis and postangioplasty
restenosis. Inhibition of Smad3 expression inhibits intimal thickening. Our previous study has modified biscarbamate cross-linked
polyethylenimine derivative (PEI-Et) through PEGylation thus obtained polyethylene glycol-graft-polyethylenimine derivative
(PEG-Et 1:1), which has lower cytotoxicity and higher gene transfection efficiency compared with PEI-Et. In this study, PEG-Et
1:1 was employed in Smad3 shRNA (shSmad3) delivery for preventing intimal hyperplasia after vascular injury. It was observed
that PEG-Et 1:1 could condense shSmad3 gene into nanoparticles with particle size of 115-168 nm and zeta potential of 3-6 mV.
PEG-Et 1:1 displayed remarkably lower cytotoxicity, higher transfection efficiency, and shRNA silencing efficiency than PEI-Et and
PEI 25kDa in vascular smooth muscle cells (VSMCs). Moreover, PEG-Et 1:1/shSmad3 polyplex treatment significantly inhibited
collagen, matrix metalloproteinase 1 (MMPI), MMP2 and MMP9 expression, and upregulated tissue inhibitor of metalloproteinase
1 (TIMPI) expression both in vitro and in vivo. Furthermore, intravascular delivery of shSmad3 with PEG-Et 1:1 polyplex efficiently
reduced Smad3 expression and inhibited intimal thickening 14 days after vascular injury. Ultimately, this study indicated that PEG-

Et I:1-mediated local delivery of shSmad3 is a promising strategy for preventing intimal thickening.

1. Introduction

Neointimal hyperplasia contributes to the pathophysiolog-
ical process of several different vascular disorders, such
as restenosis after angioplasty, allograft vasculopathy, vein
graft stenosis, and atherosclerosis [1-3]. Vascular smooth
muscle cells (VSMCs) play major role in intimal hyperplasia,
VSMCs change from a contractile phenotype to a synthetic
phenotype followed by proliferation and migration during
vascular remodeling [3-5], and current therapy which aims
to antagonize pathological vascular remodeling is mainly to
inhibit VSMCs proliferation [6].

Transforming growth factor-f (TGF-f3) is believed to be
a critical regulator in the process of intimal hyperplasia;
the upregulation of it has been found to stimulate the

proliferation and migration of VSMCs as well as the pro-
duction of extracellular matrix (ECM) after vascular injury
[7-9]. Inhibition of TGF-f through different means can
also decrease intimal hyperplasia [10-14]. Smad3 locates
at the downstream of TGF-f3 signal pathway and studies
have reported that TGF-f stimulates neointimal hyperplasia
through Smad3-dependent pathway [15-17]. In addition, our
previous studies found that inhibition of Smad3 expression
using antisense Smad3 adenovirus vector could suppress the
proliferation of VSMCs, reduce the secretion of collagen,
and alleviate intimal hyperplasia [17-19], suggesting that
inhibiting Smad3 expression is an effective strategy to prevent
intimal hyperplasia.

In recent years, nanoparticle-based drug/gene delivery
has attracted considerable interests for local drug/gene
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delivery to prevent restenosis [20]. Among those, the cationic
polyethylenimine (PEI) and branched PEI-based carriers
have been tested and proved to be effective gene deliv-
ery agents for preventing intimal hyperplasia [21-25]. The
transfection efficiency of PEIs is mainly influenced by their
molecular weight, branching, particle size, and zeta potential
[26]. PEI 25kDa was proven to have higher transfection
efficiency but higher toxicity than low-molecular-weight PEIs
[26]. To increase the transfection efficiency and reduce the
toxicity of PEIs, they have been modified with ester linkage,
disulfide linkage, amide linkage, etc. [26-28]. Among so
many modifiers, poly(ethylene glycol) (PEG) was wildly used
because of its safety and water solubility [29, 30].

In our previous study, we designed and synthesized
a novel biscarbamate cross-linked PEI derivative (PEI-
Et), but its cytotoxicity is relative high [31]. In order to
increase the transfection efficiency and reduce the toxicity
of PEI-Et, we then modified PEI-Et with PEG to con-
struct a PEI-Et derivative, namely, polyethylene glycol-graft-
polyethylenimine derivative (PEG-Et L:1), the weight-average
molecular weight (Mw) of PEG-Et 1:1 was 4468 Da, with a
polydispersity of 2.19, and it exhibited lower cytotoxicity and
higher gene transfection efficiency compared with PEI-Et
[32]. Herein, PEG-Et 1:1 was selected as a nonviral carrier to
deliver the Smad3 shRNA (shSmad3) for preventing intimal
hyperplasia after vascular injury. We anticipated that PEG-
Et 1:1 would help to deliver shSmad3 into VSMCs with
reduced cytotoxicity and enhanced gene delivery efficiency,
whether delivery of shSmad3 by PEG-Et 1:1 could induce the
downregulation of Smad3 and then inhibit intimal thickening
were also investigated.

2. Materials and Methods

2.1. Materials. Branched PEI (25kDa, 800 Da), ethidium
bromide (EB), ethylene bis(chloroformate), and 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) were purchased from Sigma-Aldrich (St Louis,
MO, USA). Methoxy-poly (ethylene glycol)-succinimidyl
carbonate (mPEG-Sc; Mw = 2000Da) was purchased
from Yare Biotech (Shanghai, China). Fetal bovine serum
(FBS), Dulbeccos modified Eagle’s medium (DMEM),
and Trypsin-EDTA were purchased from PAA (Colbe,
Germany). Smad3-expressing plasmid, scrambled shRNA
plasmid, and green fluorescent protein (GFP) bearing Smad3
shRNA plasmid were obtained from JIKAI Cooperation
(Shanghai, China). Cell Counting Kit-8 (CCK-8, Dojindo
Kumamoto, Japan) was used to detect VSMCs proliferation.
3F Fogarty embolectomy catheters were purchased from
Edwards Systems Technology, USA. The primer sequences
used in quantitative real-time polymerase chain reaction
(qQRT-PCR) analysis were described in Suppl. Table 1. Mouse
polyclonal to Smad2/3, mouse monoclonal to type I collagen
(Col I), mouse monoclonal to and type III collagen (Col
III), mouse monoclonal to MMPI, mouse monoclonal
to MMP2, mouse monoclonal to MMP9, goat polyclonal
antibody against the C-terminal region of TIMPI, and
mouse monoclonal to GAPDH (catalog numbers 610842,
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ab6308, NBPI1-05119, ab126847, ab2462, ab58803, sc-6832,
and ab9484) were used for Western blot analysis. Mouse
monoclonal to alpha-smooth muscle actin («-SMA) (catalog
number ab7817) and mouse monoclonal to proliferating cell
nuclear antigen (PCNA) (catalog number ab912) were used
for immunohistochemistry analysis. All other solvents and
reagents were of analytical grade.

2.2. Synthesis of PEG-Et 1:1. The synthesis of PEG-Etl:1 was
divided into two steps as our previous study (Figure 1(a))
[32]. The first step was to synthesize PEI-Et. Briefly, 0.04 mol
of ethylene bis(chloroformate) solution (freshly anhydrous
chloroform as solvent) was added dropwise into PEI 800 Da
solution (0.06 mol, freshly anhydrous chloroform as solvent);
the mixture was stirred in an ice bath under nitrogen
atmosphere for 24 hours. After removing solvent, the sample
was dissolved in distilled water and then dialyzed with
dialysis tube (MWCO: 3500Da) for 2 days, followed by
lyophilization. The resulting polymer PEI-Et was stored at
—20°C for future use.

The second step was to synthesize PEG-Et 1:1, 0.04 mmol
of PEI-FEt was dissolved in 0.1M of sodium bicarbonate,
and then 0.04 mmol of mPEG-Sc was added to the PEI-Et
solution. After the mixture was allowed to stirred for 4h at
25°C, the resultant PEG-Et 1:1 was dialyzed with dialysis tube
(MWCO: 3500 kDa) for 2 days. The acquired polymer PEG-
Et 1:1 was lyophilized and stored at —20°C until use.

2.3. Preparation of Plasmid DNA/PEG-Et 1:1 Polyplex. PEG-
Et 1:1/shSmad3 complexes were freshly prepared. The com-
plexes of PEG-Et 1:1 and DNA (scrambled shRNA and
shSmad3) were freshly prepared in phosphate-buffered saline
(PBS, pH 6.0), according to the different N/P ratios. Next, the
complexes were condensed by adding polymer solutions to
equal volume of the DNA solution (shSmad3 or scrambled
shRNA solution); the mixture was then stirred gently and
incubated for 30 minutes at room temperature to complete
the formation of the polyplexes (Figure 1(b)).

2.4. Characterization of PEG-Et 1:1/shSmad3 Polyplex. PEG-
Et 1:1/shSmad3 complexes were freshly prepared at different
N/P ratios of 1-20. After 30 minutes incubation at 25°C,
the complex solutions were analyzed by 0.9% (w/v) agarose
gels in 1 x Tris-acetate (TAE) buffer with a constant voltage
of 120 V for 30 minutes. The locations of the shSmad3
bands were visualized by a UV illuminator (Tanon 2500,
Shanghai).

PEG-Et 1:1/shSmad3 and PEI-Et/shSmad3 complexes
were prepared at various N/P ratios from 1 to 50. The zeta
potential and particle size were determined by a particle size
analyzer (Zetasizer Nano 2590, Malvern, Britain). All samples
were performed in triplicate.

The morphology of PEG-Et/shSmad3 complexes was
detected using a Transmission electron microscopy (TEM)
at N/P ratio of 20. 10 uL of the complex solution was placed
on a copper grid (100 mesh), followed by dried at room
temperature. The samples were examined under 120 Kv by
TEM (Tecnai G2 Spirit Biotwin, FEI, USA).
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FIGURE 1: Synthesis of PEG-Et 1:1 and preparation of plasmid DNA/PEG-Et 1:1 polyplex. (a) Schematic diagram of synthesis of PEG-Et. (b)
Schematic diagram of preparation of plasmid DNA/PEG-Et polyplex.

2.5. Cell Culture. The VSMCs cell lines (C2/2) were pur-
chased from the Life Science Center, Biochemical Research
Lab, Asahi Chemical Industry. VSMCs were cultured in
DMEM medium supplemented with 15% FBS. Cells were
maintained at 37°C in a 95% humidified 5% CO, incubator.
The cells of 3rd-5rd passage were used for further experi-
ments.

2.6. Cytotoxicity Analysis In Vitro. MTT assay was tested to
investigate the cytotoxicity profiles of PEG-Et 1:1 and PEG-
Et 1:1/shSmad3 polyplex; PEI 25kDa was served as control.
The VSMCs were seeded to 96-well plates at a seeding
density of 2 x 10* cells per well in DMEM containing 15%
FBS and were incubated for 24 hours. The polymers at
various concentrations or polymer/shSmad3 complexes at
various N/P ratios (dissolved in fresh serum-free DMEM)
were added to 96-well plates, followed by incubation for
4 hours. Then, the medium was replaced with complete
medium; 48 hours later, 125uL of MTT (0.5mg/mL in

fresh serum-free DMEM) was added to each well and
incubated for another 6 hours. Subsequently, the medium
was discarded and 150 yL/well of DMSO was added. The
absorbance was measured at 570nm (with 630nm as a
reference wavelength) using an ELISA reader (SpectraMax
M3, USA). The cell viability was expressed as the percentage
of the absorbance relative to that of the control experiment
without polymers. Six replicates were counted for each
sample.

2.7. Gene Transfection Efficiency Assay. The VSMCs were
seeded to 96-well plates in DMEM containing 15% FBS,
which was incubated for 24 hours. For the reporter gene
transfection efficiency, the PEG-Et 1:1/shSmad3 polyplexes
were added to each well and incubated for 4 h, after that the
medium was replaced with fresh serum-containing medium.
After 48 hours, GFP protein expression was viewed under
a fluorescent microscope (TS100, Nikon, Japan), cells were
counted using flow cytometry (Beckerman, USA), and the



percentage of GFP-expressing cells was represented as the
gene transfection efficiency.

2.8. qRT-PCR Analysis. Total RNA was extracted from
VSMCs (after transfection for 48 h) or carotid arteries using
the TRIzol reagent (Sigma, USA) according to the manu-
facturer’s instructions. Spectrophotometer (NanoDrop2000,
USA) was used to detect the concentration and purity of
RNA. Synthesize of cDNA with 1.0 ug RNA and QuantiTect
Reverse Transcription Kit (Qiagen, CA, USA). Amplifica-
tion was performed using cDNA, and the qRT-PCR was
performed with the SYBR green detection system (Thermo
Scientific, Waltham, MA, USA) in an sequence detection
system (Applied Biosystems, CA, USA). The house keeping
gene GAPDH was used as an internal reference. The primer
sequences (Smad3, MMP1, MMP2, MMP9, TIMP1], Col I, and
Col III) were described in Suppl. Table I; mRNA levels were
normalized to that of GAPDH.

2.9. Western Blot Analysis. Total protein was extracted from
VSMCs (after transfection for 48h) or carotid arteries
according to the protocols of the total cellular soluble pro-
tein preparation kit. Protein concentrations were examined
by the BCA-100 Protein Quantitative Analysis Kit. Equal
amount of protein lysates (30 pg) was loaded on 8% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and then transferred onto a polyvinylidene difluoride
membrane (PVDE, Millipore, Billerica, MA) membrane. To
minimize nonspecific binding, 5% milk was used to block the
membrane for 60 minutes, followed by primary antibodies
(Smad3, MMP1, MMP2, MMP9, TIMP1, Col I, and Col
III) incubation at 4°C overnight with a gentle shaking.
The next day, the bolts were washed with Tris-buffered
saline Tween-20 (TBST) buffer and then incubated with
horseradish peroxidase-conjugated secondary antibody for
1h at room temperature, antibody binding was detected using
the enhanced chemiluminescence method, and the house
keeping gene GAPDH was used as control.

2.10. Cell Proliferation Assay. CCK-8 assay was used to
detect VSMCs proliferation. PEG-Et 1:1/shSmad3, PEG-Et
1:1/scrambled shRNA, and PEG-Et 1:1 were added to cells and
incubated for 48 h, then the medium was replaced by 500 uL
complete medium contain 50 uL. CCK-8 solution. The cells
were incubated for another 3 hours. Finally, the absorbance
was measured using an ELISA reader (SpectraMax M3, USA)
at 450 nm. The cell number was expressed as a percentage of
the absorbance to that of the control experiment (untreated).
Six replicates were counted for each sample.

2.11. Animal Model. New Zealand White rabbits weighing 3.0
to 3.5 kg were purchased from the Laboratory Animal Center
of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine. Animals were intravenous
anesthetized with 3% pentobarbital sodium 1ml/kg, and
then the left common carotid artery (CCA), left external
carotid artery (ECA), left internal carotid artery (ICA), and
the bifurcation between them were exposed. After systemic
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heparinization, a permanently ligature was made on the ECA
at 5 mm away from the bifurcation, the ICA was temporarily
ligated by a bulldog clamp, and also a bulldog clamp was
put on the proximal end of CCA. A 3F Fogarty balloon
catheter (Edwards Systems Technology, USA) was introduced
through the branch of the left ECA and positioned at the
origin of the left CCA to develop the animal model of
vascular balloon injury. The balloon injury was performed
by inflating the balloon with about 0.1mL saline solution
and then the arteries were denuded by gently pulling the
catheter back along the CCA three times (denudation of
endothelium), and the length of denuded arteries was about
4 cm. After balloon injury, a PE-10 catheter (Boston Scientific,
USA) was used for local gene administration, gene trans-
fection was performed under the pressure of 6 AT for 30
minutes and the total volume of gene transfer reagents was
200 yL. The experimental animals were divided into four
groups according to the difference of gene transfer reagents.
The CCA were treated with PEG-Et 1:1/shSmad3 complexes
(200 uL, the concentration of shSmad3 was 10 yg/ml, and the
concentration of PEG-Et 1:1 was 0.2 mg/ml) in experimental
group (n = 6), equal volumes of empty PEG-Et 1:1 or PBS were
delivered as controls (n = 6 for each control condition), and
another group (n = 6) was untreated after balloon injury. The
ECA was ligated immediately after being treated; the bulldog
clamps on CCA and ICA were removed. Animals were
euthanized and killed for collecting samples 14 days after gene
transfection; each artery was divided into three segments,
which were fixed in 10% buffered formalin (one segment) and
liquid nitrogen (two segments). Animals received humane
care, the experiment was approved by the Animal Care and
Use Committee of Shanghai Jiao Tong University School
of Medicine, and all the animal protocols were carried out
in accordance with the Animal Care and Use committee
of Shanghai Ninth People’s Hospital, Shanghai Jiao Tong
University School of Medicine.

2.12. Histology and Morphometry. Carotid arteries were fixed
in formalin for 24 hours and then dehydrated in graded
alcohols, followed by embedding in paraffin and cutting
into slices of 5um. The sections were stained with Elastica
van Gieson (EVG) and Masson following the manufacturer’s
instructions, and then photographed using a Nikon micro-
scope. The intima area, media area and intimal-to-medial
(I/M) area ratio were calculated on EVG stain slices, collagen
fibers were calculated on Masson stain slices. All the data were
measured and analyzed using Image-Pro PLUS system.

2.13. Immunohistochemistry. Carotid arteries were fixed in
formalin for 24 hours and were cut into slices of 5um,
sections were repaired with pepsin at 37°C for 30 min and
blocked endogenous peroxidase activity with 3% H,O,, after
that the sections were incubated with mouse anti-a-SMA
and mouse anti-PCNA antibodies at 4°C overnight. Negative
control was treated with PBS. Next day the sections were
then incubated with goat anti-mouse IgG-HRP (Maixin,
China) at 25°C for 1h. Finally, the sections were stained
with DAB Detection Kit (Maixin, China) and counterstained
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FIGURE 2: Characterization of PEI-Et/shSmad3 and PEG-Et 1:1/shSmad3 complexes. (a) Agarose gel electrophoresis of PEI-Et/shSmad3
complexes at various N/P ratios. (b) Agarose gel electrophoresis of PEG-Et 1:1/shSmad3 complexes at various N/P ratios. Lane 1: Marker,
Lane 2: naked shSmad3, and Lanes 3-7: polymer/shSmad3 complexes at N/P ratios of 1, 3, 5, 10, and 20. (c) Particle size and zeta potential of
PEI-Et/shSmad3 complexes at various N/P ratios. (d) Particle size and zeta potential of PEG-Et 1:1/shSmad3 complexes at various N/P ratios.
(e) Representative transmission electron microscopy image of PEI-Et/shSmad3 complexes at N/P ratio of 20. (f) Representative transmission
electron microscopy image of PEG-Et 1:1/shSmad3 complexes at N/P ratio of 20.

with hematoxylin. Five sections of each artery were chosen
for quantification, four different fields of each section were
imaged at 200 x. The antigen positive signals were quantified
using Image-Pro PLUS system.

2.14. Statistical Analysis. All the data were expressed as mean
+ standard deviation and were analyzed by one-way ANOVA
with the SPSS statistical program (IBM SPSS Statistics). P <
0.05 was considered statistically significant, and P < 0.01 or P
< 0.001 was considered highly statistically significant.

3. Results

3.1. Preparation and Characterization of PEG-Et/shSmad3
Complexes. PEG-Et/shSmad3 complexes were prepared as
described in the “materials and methods” section (Figure 1).
Gene cargo should be condensed into stable nanoparticle
for efficient delivery [33]. Agarose gel electrophoresis was
performed to assess the condensation ability of shSmad3 gene
by PEG-Et 1.1, naked shSmad3 gene was used as control.
As displayed in Figures 2(a) and 2(b), the migration of



shSmad3 gene was completely retarded when N/P ratio was 5
or higher, this indicated that PEG-Et 1:1/shSmad3 complexes
were completely formed at an N/P ratio of 5 or above.

An appropriate particle size and zeta potential is helpful
for polyplexes to enter cells. The particle size between 50 nm
and 200 nm is preferable for cellular uptake of nanoparticles
[34, 35]. The particle size of PEG-Et 1:1/shSmad3 complexes
varied at different N/P ratios, when the N/P ratio was greater
than 3, the particle size was 115-168 nm (Figures 2(c) and
2(d)), that of PEI-Et/shSmad3 complexes was 100-154 nm,
the particle size of PEG-Et 1:1/shSmad3 was a little higher
compared with PEI-Et/shSmad3 at the same N/P ratio. When
the N/P ratio was 1, the particle size of PEG-Et 1:1/shSmad3
and PEI-Et/shSmad3 were higher than 200 nm (326 nm and
306 nm), which were not suitable for cellular uptake. The
surface charge can affect the cellular uptake and cytotoxicity
of nanoparticles [36, 37]. When the N/P ratio was greater
than 3, the zeta potential of PEG-Et 1:1/shSmad3 was 3-6 mV,
that of PEI-Et/shSmad3 was 6-15mV, the zeta potential of
PEG-Et 1:1/shSmad3 complexes was lower than that of PEI-
Et/shSmad3 complexes at the same N/P ratio (Figures 2(c)
and 2(d)), this demonstrated that PEGylation can help to
reduce the positive charge of PEI-Et/shSmad3 complexes.

Figures 2(e) and 2(f) showed the representative TEM
images of PEI-Et/shSmad3 and PEG-Et/shSmad3 complexes
(N/P =20). The PEG-Et 1:1/shSmad3 complexes were spheri-
cal in shape with a diameter 100-130 nm, which were consis-
tent with the particle size analysis.

3.2. Cytotoxicity Assay. PEG-Et 1:1 could produce immedi-
ate cytotoxicity mediated by free PEG-Et 1:1 and delayed
cytotoxicity mediated by PEG-Et 1:1/DNA complexes [38],
so we measured the cytotoxicity of free PEG-Et 1:1 and
PEG-Et 1:1/scrambled shRNA complexes on VSMCs by MTT
analysis. The cell viability of PEG-Et 1:1, PEI-Et and PEI
25kDa treated cells decreased with the increase of poly-
mer concentrations (Figure 3(a)), which indicated that the
cytotoxicity of these polymers was concentration-dependent.
Moreover, the cytotoxicity of PEG-Et 1:1 was much lower than
that of PEI-Et and PEI 25kDa at the same concentration
(P < 0.01). As for the cytotoxicity, the cell viability of
PEG-Et1:1/scrambled shRNA, PEI-Et/scrambled shRNA and
PEI 25kDa/scrambled shRNA decreased with the increase
of N/P ratios (Figure 3(b)). When the N/P ratio was 3,
the cell viability was 100% in all the three polymer/DNA
complexes groups. When the N/P ratio was greater than
3, PEG-Et IL:1/scrambled shRNA showed higher viability
than PEI 25 kDa/scrambled shRNA (P< 0.01), and when we
raised the N/P ratio from 20 to 50, PEG-Et 1:1/scrambled
shRNA showed significantly higher viability than that of
PEI-Et/scrambled shRNA and PEI 25 kDa/scrambled shRNA
complexes. The results showed that PEG-Et 1:1/scrambled
shRNA complexes displayed lower cytotoxicity than PEI-
Et/scrambled shRNA and PEI 25kDa/scrambled shRNA
complexes.

3.3. Transfection Efficiency of PEG-Et I:1. The gene delivery
efficiency of PEG-Et 1:1 was observed by in vitro transfection
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experiments of shSmad3 into VSMCs, with GFP as the
reporter gene, PEI 25kDa and PEI-Et were used as positive
controls. Figures 3(c), 3(e), and 3(g) showed the represen-
tative fluorescence images, PEI 25kDa/shSmad3 produced
significant GFP expression (Figure 3(c)), with 22.8% of cells
expressing GFP (Figures 3(c) and 3(d)), when the N/P ratio
was 3-20, the transfection efliciency of PEG-Et 1:1 and PEI-
Et increased with the increasing of N/P ratios, and then
decreased at a N/P ratio of >20, as determined by flow
cytometry (Figures 3(f) and 3(h)). When the N/P ratios were
5, 10, 20, 30, the gene transfection efficiency of PEG-Et 1:1
was significantly higher than that of PEI-Et. These results
indicated that PEG-Et 1:1 could be used as a higher efficiency
gene delivery vector compared with PEI 25kDa and PEI-Et.
PEG-Et L:1 displayed maximum efficiency at N/P ratio of 20;
the qRT-PCR and Western blot were detected at optimal N/P
ratio of 20.

3.4. Gene Silencing Efficiency of PEG-Et I:1. The expression of
the Smad3 can be knocked down by shSmad3; we measured
the ability of PEG-Et 1:1/shSmad3 to reduce Smad3 gene
expression in VSMCs by qRT-PCR and Western blot analysis,
PEI-Et/shSmad3 and PEI 25kDa/shSmad3 were used as
positive controls. The mRNA expression of Smad3 in PEG-
Et 1:1/shSmad3 treated cells was significantly lower compared
with PEI-Et/shSmad3 treated cells (32.5% + 2.8% versus
48.5% + 2%, P <0.001), PEI 25kDa/shSmad3 treated cells
(32.5% + 2.8% versus 70.9% + 1.7%, P <0.001) and untreated
cells (32.5% +2.8% versus 100% +2.3%, P <0.01) (Figure 4(a)).
To further confirm the gene silencing effect, Western blot
analysis was performed; the expression of shSmad3 protein
showed similar results (Figures 4(b) and 4(c)). Based on these
results, it would be better to use PEG-Et 1:1 as a carrier for
shSmad3 gene therapy in comparison with PEI-Et or PEI
25kDa, we next tried to apply PEG-Et L:1 to deliver shSmad3
for the treatment of intimal thickening and investigate the
potential mechanism of the therapeutic effect.

3.5. Inhibition Effects of PEG-Etl:1/shSmad3 Polyplex on
VSMCs  Proliferation. Inhibition of Smad3 expression
can suppress the proliferation of VSMCs [17-19]. VSMCs
were treated with PEG-Et 1:1/shSmad3 (N/P=20), PEG-Et
I:1/scrambled shRNA and PEG-Et L:1. The proliferation of
VSMCs treated with PEG-Et 1:1/shSmad3 polyplex was lower
than that of PEG-Et 1:1/scrambled shRNA treated group,
PEG-Et 111 treated group and control group (Figure 4(d)), the
proliferation of VSMCs treated with PEG-Et 1:1/scrambled
shRNA and PEG-Et 1:1 were slightly lower than control group,
but the data showed no statistically significant difference
between the three groups (Figure4(d)). These results
indicated that PEG-Et 1:1 mediated shSmad3 treatment could
effectively inhibit VSMCs proliferation.

3.6. The Effect of PEG-Et 1:1/shSmad3 on the Expression of
Collagen, MMPs, and TIMPI In Vitro. Inhibition of Smad3
expression suppresses the synthesis of collagen thus prevent-
ing intimal hyperplasia [16, 17, 19]. As shown in Figure 5(a),
significant downregulation of Col I, Col III mRNA levels
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was found in PEG-Et 1:I/shSmad3 polyplex treated group
compared with PEG-Et 1:1/scrambled shRNA treated group,
PEG-Et1:1 treated group, and untreated group, and there were
no significant differences between the other three groups
for type I and III Collagen mRNA expression. Western blot
showed similar result to that of QqRT-PCR (Figure 5(b)). These
results suggested that PEG-Et 1:1/shSmad3 polyplex could
decrease the expression of Col I and Col IIL

Studies have shown that MMPs and TIMPs play essential
roles in intimal thickening [39-41]; we sought to investigate
the effect of PEG-Et 1:1/shSmad3 treatment on the expression
of MMPs and TIMPL Results showed that significantly
upregulation of MMP1, MMP2, and MMP9 mRNA was

found in PEG-Et 1:1/shSmad3 polyplex treated group com-
pared with PEG-Et 1:1/scrambled shRNA treated group, PEG-
Et1:1 treated group, and untreated group, while the expression
of TIMP1 was downregulated in PEG-Et 1:1/shSmad3 poly-
plex treated group, and there were no significant differences
between the other three groups for MMP1, MMP2, MMP9,
and TIMP1 mRNA expression (Figures 5(a) and 5(b)). These
results indicated that PEG-Et 1:1/shSmad3 polyplex treatment
could increase the expression of MMP1, MMP2, and MMP9
but decrease the expression of TIMPI.

3.7. PEG-Et 1:1/shSmad3 Polyplex Efficiently Reduced Smad3
Expression and Inhibited Intimal Thickening after Vascular
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Injury. Having illustrated that PEG-Et 1:1/shSmad3 polyplex
could efficiently decrease the expression of Smad3 and inhibit
VSMCs proliferation in vitro, we anticipated that PEG-Et
1:1/shSmad3 could reduce Smad3 expression and inhibit
VSMCs proliferation thus preventing intimal thickening in
vivo. We examined the impact of local delivery of the PEG-
Et 1:1/shSmad3 on the expression of Smad3 and intimal
thickening 14 days after vascular injury in a rabbit model.
As shown in Figure 6, no significant differences in the
expressions of Smad3 were observed between empty PEG-Et
1:1 treated group, PBS treated group, and untreated group. The
expression of Smad3 was markedly reduced after treatment
with PEG-Et 1:1/shSmad3 (200 L and N/P = 20) 14 days
after balloon angioplasty (P < 0.001 for all) (Figure 6).
These results suggested that PEG-Et 1:1/shSmad3 polyplex
efficiently suppressed the expression of Smad3 in vivo.

EVG staining was used to assess the effect of PEG-Et
1:1/shSmad3 polyplex on intimal thickening after vascular
injury, as shown in Figure 7(a). Morphometric analysis of
all the 4 groups showed that PEG-Et 1:1/shSmad3 poly-
plex treated group exhibited less intima area (296,929 +
36,412 um*) in comparison with the empty PEG-Et 1:1 treated
group (1,080,862 + 253,490 um?, P < 0.001), PBS treated
group (1,258,121 + 225,153 ymz, P < 0.001), and untreated
group (1,333,983 + 292,778 Mmz, P < 0.001) (Figure 7(d)),
the I/M area ratios showed similar results (Figure 7(e)), and
there were no significant differences between the other three
groups on intima areas or I/M area ratios. These results
suggested that PEG-Et l:1-mediated delivery of the shSmad3
gene could efficiently inhibit intimal thickening.

Immunohistochemistry staining of PCNA (a marker
for cell proliferation) and a-SMA was performed to assess

+
+

intimal VSMCs proliferation, the majority of cells in the
arteries were positive with the monoclonal anti-a-SMA
(Figure 7(b)), indicating that they were VSMCs, and the cells
which were positive with anti-PCNA were proliferative cells
(Figure 7(c)). The ratio of PCNA-positive nuclei to total cell
nuclei was significantly decreased in PEG-Et 1:1/shSmad3
polyplex treated group in comparison with the empty PEG-Et
1:1 treated group (P < 0.05), PBS treated group (P < 0.01), and
untreated group (P < 0.001) (Figure 7(f)), and no significant
differences were observed between the other three groups.
These results indicated that the PEG-Et 1:1-mediated delivery
of the shSmad3 gene could inhibit arterious intimal VSMCs
proliferation.

3.8. The Effect of PEG-Et 1:1/shSmad3 Polyplex on the Expres-
sion of Collagen, MMUPs, and TIMPI In Vivo. Masson staining
was used to assess the amount of extracellular collagen
fibers (Figure 8(a)); as summarized in Figure 8(b), PEG-Et
1:1/shSmad3 polyplex treated group exhibited reduced ratio
of collagen content to total intimal area compared with the
PEG-Et 11 treated group (P < 0.01), PBS treated group (P
< 0.01), and untreated group (P < 0.001) and treated with
PEG-Et 1:1/shSmad3 polyplex significantly downregulated
the expression of Col I and Col III in comparison with
the other three groups 14 days after balloon angioplasty
(Figures 8(c) and 8(d)). Furthermore, significant upregu-
lation of MMP1, MMP2, and MMP9 was also found in
PEG-Et 1:1/shSmad3 polyplex treated group compared with
the other three groups while the expression of TIMP1 was
downregulated (Figure 9). These results were consistent with
our study in vitro (Figure 5).
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4. Discussion

Restenosis is an important clinical problem after arteri-
ovenous stent implantation, arterial intimal resection, and
peripheral artery angioplasty [3]. Downregulation of Smad3
expression is an effective strategy to inhibit intimal hyperpla-
sia and prevent restenosis. In this study, we developed PEG-
Et 1:1 based nanoparticles to loaded shSmad3 for preventing
intimal hyperplasia after vascular injury.

The formation of polymer/DNA complexes is a necessary
step in gene delivery, which needs to protect the gene cargo
from enzymatic degradation [42]. The migration of shSmad3
gene was completely retarded when the weight ratio (N/P
ratio) was 5 or higher (Figure 2(b)), indicated that PEG-
Et 1:1/shSmad3 complexes could be prepared at those N/P
ratios. We estimated that the positive charge of PEG-Et 1:1
could reduce the negative charges of the phosphate groups in
shSmad3 gene, thus retarding the shSmad3 gene migration.
The ability of polyplex entering cells is affected by its particle
size and zeta potential [43]. When the N/P ratio was greater
than 3, the particle size of PEG-Et 1:1/shSmad3 was a little
higher compared with PEI-Et/shSmad3 at the same N/P ratio
(Figure 2(d)), but the zeta potential of PEG-Et 1:1/shSmad3
complexes was much lower than that of PEI-Et/shSmad3
complexes at the same N/P ratio (Figure 2(d)), small size and
reduced positive charge are preferable for nanoparticles to
enter cells [34, 35], and weak positive charge can also bring
low cytotoxicity [36, 37]; therefore, we speculated that PEG-
Et 1:1 might be a promising gene delivery agent.

Compared with PEI-Etand PEI 25 kDa, PEG-Et 1:1 exhib-
ited significantly lower cytotoxicity in VSMCs (Figure 3(a));
as for the cytotoxicity of polymer/scrambled shRNA com-
plexes (Figure 3(b)), PEG-Et1:1/scrambled shRNA complexes
also exhibited lower cytotoxicity than PEI-Et/scrambled
shRNA and PEI 25 kDa/scrambled shRNA complexes. PEG
modification could help reduce the number of PEI amino
groups by coupling reaction to decrease the surface charge
[42]. Therefore, lower cytotoxicity of PEG-Et 1:1 was probably

attributed to the reduction of positive charge after PEG
modification.

The transfection results of PEG-Et 1:1/shSmad3 com-
plexes to cultured VSMCs were presented in Figures
3(c)-3(h), the transfection efficiency of PEG-Et 1:1 was
improved after PEGylation in VSMCs, and the enhanced
transfection efficiency of PEG-Et 11 relative to PEI-Et was
probably attributed to its low cytotoxicity, which was in
agreement with a previous study [44]. When the N/P ratio
was 3-20, the transfection efficiency of PEG-Et 1:1 increased
with the increasing of N/P ratios and then decreased at a
N/P ratio of >20 (Figure 3(g)). This phenomenon might be
explained as follows: at low N/P ratios, the complexes were
unstable and had poor transfection efficiency; at high N/P
ratios, the complexes were too stable to release the DNA from
the complexes and resulted in low efficiency [31]. PEG-Et
1:1/shSmad3 at optimal N/P ratio of 20 was then selected for
transfection of VSMCs. As shown in Figures 4(a)-4(c), the
gene silencing effect of PEG-Et 1:1 was obviously better in
comparison with PEI-Et or PEI 25 kDa. This was probably due
to the low cytotoxicity and higher transfection efficiency of
PEG-Et 1:1 in comparison with PEI 25 kDa and PEI-Et. Based
on the conclusion that PEG-Et 1:1 has lower cytotoxicity,
higher gene transfection efficiency, and shSmad3 silencing
efficiency in comparison to PEI-Et and PEI 25kDa, PEG-Et
1:1/shSmad3 polyplex was used for further research.

Inhibition of Smad3 expression suppresses the prolifer-
ation of VSMCs and the synthesis of collagen, thus pre-
venting intimal hyperplasia [16, 17, 19]. PEG-Et 1:1/shSmad3
treatment significantly reduced the proliferation of VSMCs
and decreased the expression of collagen in vitro (Figures
4(d) and 5), and in vivo experiment further affirmed the
inhibitory effects (Figures 7 and 8); these were consistent
with previous studies [16, 19]. These results indicated that
inhibiting the expression of Smad3 has great potential for
preventing intimal thickening.

MMPs and TIMPs contribute to intimal hyperplasia by
regulating ECM degradation as well as VSMCs migration and
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FIGURE 7: Effects of shSmad3 gene delivery on intimal thickening and VSMCs proliferation after vascular injury. (a) Representative EVG
sections of injured arteries 14 days after balloon angioplasty. The distance between arrows indicated the media area. Original magnifications:
200 x. (b) Representative immunohistochemistry staining of «-SMA 14 days after balloon angioplasty. The distance between the arrows
indicated the media area. Original magnifications: 200 x. (c) Representative immunohistochemistry staining of PCNA 14 days after balloon
angioplasty. The arrow indicated the internal elastic lamina. Original magnifications: 200 x. (d) Average intima area for the four injured
groups. n = 3. (e) Average I/M area ratios for the four injured groups. n = 3. (f) The ratio of PCNA-positive nuclei to total cell nucleus in
intima area. n = 3. Each bar shows as mean + SD. #P < 0.05, %P < 0.01; * * *P < 0.001. a, PEG-Et 1:1/shSmad3 polyplex treated group; b,

PEG-Et 11 treated group; ¢, PBS treated group; d, untreated group.

proliferation; MMPs can degrade most ECM components,
while TIMPI reverses the effect of MMPs; studies have found
that coordinated regulation of MMPs and TIMPs contribute
to intimal thickening after vascular injury [39-41]. However,
the effect of Smad3 on the expression MMPs and TIMP1
after vascular injury remains unknown. PEG-Et I:1-mediated
delivery shSmad3 could decrease TIMP1 expression but
increase the expression of MMP1, MMP2, and MMP9 both in

vitro and in vivo (Figures 5 and 9); our study was the first to
report that targeted disruption of Smad3 can reduce intimal
hyperplasia through regulating the expression of MMPs and
TIMPI1.

Local intravascular gene delivery is an effective strat-
egy for preventing restenosis during angioplasty procedure
[45, 46]. Since previous study reported that endogenous
Smad3 expression reached a maximal level around 14 days
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FIGURE 8: Effect of Smad3 gene delivery on intimal collagen content after vascular injury. (a) Representative Masson staining sections of
injured arteries 14 days after balloon angioplasty. The distance between the arrows indicated the media area. Original magnifications: 200 x.
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GAPDH served as internal standard. n = 3. (d) Western blot analysis of Col I and Col III protein expression, GAPDH served as internal
standard. Each bar shows as mean + SD. #*P < 0.0L; * % %P < 0.001. a, PEG-Et 1:I/shSmad3 polyplex treated group; b, PEG-Et 1.1 treated

group; ¢, PBS treated group; d, untreated group.

after vascular injury [16], we selected this time point for
evaluations. PEG-Et 1:1 /shSmad3 complex at N/P of 20
was selected for transfection in vivo. We adopted 200 uL
volume for local administration in case larger volume
(>200uL) would increase the diameter of CCA. In our
study, PEG-Et 1:1/shSmad3 polyplex efficiently suppressed
the expression of Smad3 in vivo (Figure 6). The neoin-
tima and I/M ratio in PEG-Et 1:1/shSmad3 polyplex treated
group was less increased than that in the empty PEG-Et
1:1 treated group, PBS treated group, or untreated group

(Figures 7(a), 7(d), and 7(e)). These results proved PEG-
Et 1:1/shSmad3 polyplex could obviously downregulate the
Smad3 expression in local artery and PEG-Et 1:1-mediated
delivery shSmad3 could be a feasible approach for preventing
restenosis.

The limitation of the current study is that PEG-Et 1:1
still exhibited cytotoxicity when the concentration was over
50 ug/mL, some modifiers such as Pluronic [47], MoS2 [48],
and PLLA [49] can be applied for efficient gene delivery,
and in order to reduce its cytotoxicity, we can modify the
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structure of the cationic polymer with other modifiers. In
vivo study, we evaluated the results 14 days after vascular
injury, we did not select other time points for further
evaluations (3 months or one year). Furthermore, loss of
Smad3 was found to promote abdominal aortic aneurysm
formation in mouse models of inflammatory abdominal
aortic aneurysm [50]; shSmad3 gene therapy might have
side effect: aneurysm. Longer follow-up of the efficacy and
side effect of PEG-Et 1:1/shSmad3 polyplex treatment on
neointimal hyperplasia will be undertaken in our future
research.

5. Conclusion

In summary, PEG-Et 1:1 exhibited lower cytotoxicity, higher
transfection efficiency, and shRNA silencing efficiency than
PEI-Et and PEI 25kDa in VSMCs. PEG-Et l:1-mediated
delivery of shSmad3 could reduce Smad3 expression and
VSMC:s proliferation both in vitro and in vivo. Furthermore,
intravascular delivery of shSmad3 using PEG-Et 1:1 inhibited
intimal thickening 14 days after vascular injury. Our results
showed that PEG-Et 1:1 can be served as a nonviral carrier for
gene delivery in inhibiting intimal thickening after vascular
injury.
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