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Controlled release of stromal cell-derived factor-1α from 
silk fibroin-coated coils accelerates intra-aneurysmal  
organization and occlusion of neck remnant by  
recruiting endothelial progenitor cells

Yuyuan Gao1*, Qiujing Wang1*, Xubo Cui1, Yaqi Liu1, Tao Zheng1, Chengwei Chen1, Chengmei Sun1, Shuyun 
Huang1, Xin Wang1, Yanchao Liu1, Xiaodan Jiang1, Chi Zeng2, Daping Quan2

1Department of Neurosurgery, Zhujiang Hospital, The National Key Clinic Specialty, The Neurosurgery Institute of 
Guangdong Province, Guangdong Provincial Key Laboratory on Brain Function Repair and Regeneration, Southern 
Medical University, Guangzhou City, Guangdong Province, P.R. China; 2Scholl of Chemistry and Chemical Engineer-
ing, Sun Yat-Sen University, Guangzhou City, Guangdong Province, P.R. China. *Equal contributors.

Received November 21, 2014; Accepted November 24, 2014; Epub December 1, 2014; Published December 15, 
2014

Abstract: This study is to test the efficacy of stromal cell-derived factor-1α (SDF-1α)-coated coils together with endo-
thelial progenitor cells (EPCs) transplantation in occluding aneurysms. Bone marrow-derived EPC surface markers 
were analyzed using flow cytometry. The migratory function of EPCs in response to SDF-1α was evaluated using a 
modified Boyden chamber assay. Capillary-like tube formation was assessed using Matrigel gel. Coil morphologies 
before and after coating with SDF-1α were observed under a scanning electron microscope. The level of SDF-1α in 
supernatants was measured by ELISA. Sprague-Dawley rats were randomly allocated into five groups. Histological 
analysis was performed on days 14 and 28 after coil implantation. The bone marrow-EPCs could express CD133, 
CD34, and VEGFR-2 and form tubule-like structures in vitro. Migratory ability of EPCs in the presence of SDF-1α-
coated coils was similar to that in the presence of 5 ng/ml SDF-1α gradient. Sustained release of SDF-1α was 
achieved using silk fibroin as a carrier. In SDF-1α-coated coils + EPCs transplantation group, a well-organized fibrous 
tissue bridging the orifice of aneurysms was shown on days 14 and 28. On day 28, tissue organization was greater 
in the SDF-1α-coated coils group than in the unmodified coils group. Immunofluorescence showed α-smooth muscle 
actin-positive cells in organized tissue in sacs. Combined treatment with SDF-1α-coated coils and EPCs transplanta-
tion is a safe and effective treatment for rat aneurysms. This may provide a new strategy for endovascular therapy 
following aneurysmal subarachnoid hemorrhage.
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Introduction 

Coil embolization of intracranial aneurysms has 
become an effective technique alternative to 
standard surgical clipping [1, 2]. In many hospi-
tals, aneurysms are treated by coiling [3]. 
However, the long-term stability of aneurysms 
treated with coils is still controversial [1, 4]. 
Furthermore, recurrence of aneurysms after 
embolization is a major obstacle in the field of 
neurosurgery. Previous studies on large hetero-
geneous groups of patients with intracranial 
aneurysms treated by coiling reported an over-
all recurrence rate of 34% [5]. In addition, about 

50% of unruptured, untreated aneurysms in- 
crease in size within 3 years [6]. Factors related 
to recanalization include packing density, coil 
compaction, and rare endothelialization at 
aneurysm orifice [7, 8]. Numerous studies sug-
gested that endothelial layer formation of the 
aneurysm neck after embolization was impor-
tant in preventing the recurrence of aneurysm, 
as well as the potential risks of late rebleeding 
[8, 9].

Different surface modification technologies 
have been developed to reduce the aneurysm 
recanalization rate after coil embolization, 
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including polymers, collagen, fibroblasts and 
growth factors [10-14]. The objectives of these 
modifications were to increase the inflammato-
ry response at the neck of the aneurysm, to 
accelerate thrombus organization in the aneu-
rysm cavity that aids “healing” at the neck, and 
to improve packing [15]. Their recanalization 
rates are similar to or higher than that of bare 
platinum coils [16]. 

To overcome the above limitation, we devel-
oped a novel coated coil that stimulates endo-
thelial healing at the neck of the aneurysm. 
Endothelial progenitor cells (EPCs) are receiv-
ing much attention due to their contribution to 
neoangiogenesis in vascular injuries, such as 
wound healing, limb ischemia, myocardial infar- 
ction, atherosclerosis and stroke [17]. EPCs are 
circulating pluripotent stem cells that have 
been used to restore endothelial function in 
denuded vessels, to facilitate the vascular 
repairing process and to promote neovascular-
ization. When used for vascular repair and an- 
giogenesis or in case of vascular stress, EPCs 
enter the peripheral blood and migrate to areas 
with endothelial damage to begin the repara-
tive process [18]. Chemokine, stromal cell-
derived factor-1α (SDF-1α), and its receptor, 
C-X-C motif receptor 4 (CXCR4), play a crucial 
role in the recruitment and retention of EPCs in 
the reparative process. Based on previous 
reports, we hypothesize that local SDF-1α 

recruit EPCs to participate in endothelial cell 
repairing and reconstruction process in the 
neck of embolized aneurysms. In this study, 
SDF-1α is coated onto platinum coils with silk 
fibroin. Accordingly, the efficacy of silk protein 
formulation with SDF-1α is tested in vitro, and 
the extent of embolization is evaluated in rats. 
We hypothesize that such coating would 
increase the degree of luminal occlusion and 
decrease the rate of recanalization compared 
with standard unmodified coils.

Materials and methods

Animals

Sprague-Dawley rats (weighing 250-300 g) 
were obtained from the Animal Center of the 
Southern Medical University. A total of 60 male 
rats were randomly divided into five groups: 
sham-operated group (group A), unmodified 
coils group (group B), unmodified coils + trans-
plantation of EPCs group (group C), SDF-1α-
coated coils group (group D), and SDF-1α-
coated coils + transplantation of EPCs group 
(group E). The aneurysms were constructed as 
previously described [10-13, 19]. Briefly, rats 
were intraperitoneally injected with 60 mg/kg 
sodium pentobarbital and the right common 
carotid artery (CCA) was carefully dissected. 
Each of the coils was inserted into the right CCA 
(Figure 1). Vasodilation and pulsation in the 

Figure 1. Experimental aneurysm creation and coil insertion. The insertion of coils was performed in the right com-
mon carotid artery. A. Diagram of coil insertion. B. Common carotid artery before (left) and after (right) coil insertion.
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CCA were confirmed on the removal of the tem-
porary clips, and the wound was closed by 
using 4-0 nylon sutures. EPCs (3 × 106) were 
infused into tail vein immediately after coil 
implantation. The rats were returned to their 
cages where they continued to have access to 
food and water ad arbitrium. On day 14 and 28 
after coil implantation, 6 rats from each group 
were sacrificed by intraperitoneal injection of 
300 mg/kg sodium pentobarbital. CCA seg-
ments containing the coils were collected and 
placed into 4% paraformaldehyde. The coil seg-
ments were then carefully removed from the 
vessel segment. After rinsing in PBS for three 
times, the segments were preserved in 1% 
osmium tetroxide at 4°C. All procedures involv-
ing the use of rats were approved by the Animal 
Research Committee of Southern Medical 
University and were in accordance with the 
Guide for the Care and Use of Laboratory 
Animals (Washington, DC: National Academy 
Press, 1996).

Cells

Sprague-Dawley rat was anesthetized with 
intraperitoneal injection of 60 mg/kg sodium 
pentobarbital. Bone marrow mononuclear cells 
were isolated from the long bones of rats by 
density gradient centrifugation with Ficoll-
PaqueTM (Tianjin Haoyang Bio Co. Ltd, China) an- 
d cultured in endothelial basal medium-2 (EBM-
2) supplemented with microvascular endotheli-
al growth medium (EGM-2MV) SingleQuots 
(Lonza, USA) containing 5% fetal bovine serum 
(Hyclone, USA), hydrocortisone, vascular endo-
thelial growth factor, basic human fibroblast 
growth factor, insulin-like growth factor-1, 
ascorbic acid, human epidermal growth factor, 
and CA-1000. After 3 days of culture, nonadher-
ent cells were removed. Thereafter, the media 
was changed every 3 days. Phenotypic charac-
terization of early EPCs was analyzed by flow 
cytometry after staining with anti-CD34, anti-
VEGFR-2 (KDR), and anti-CD133.

Migration assay

The migratory function of EPCs in response to 
SDF-1α was evaluated using a modified Boyden 
chamber assay. In brief, EPCs on day 21 were 
detached from the wells, and seeded in the 
upper chamber of 24-well Transwell plate with 
polycarbonate membrane (8 μm pores; BD 
Biosciences, USA) in serum-free EBM-2. The 
lower chamber was filled with EBM-2 containing 

10 ng/ml SDF-1α gradient, SDF-1α-coated 
coils, silk fibroin (SF)-coated coils, unmodified 
coils or nothing. After 12 h of incubation at 
37°C, all cellular nuclei were stained with 
4’,6-diamidino-2-phenylindole and counted in 3 
random fields (200×) in each well.

Tube formation assay

Capillary-like tube formation was assessed 
using Matrigel gel (BD Biosciences, USA). 
Briefly, Matrigel gel was thawed at 4°C over-
night and 300 μL/well gel was placed in a 
24-well culture plate before incubation for 1 h 
at 37°C to allow solidification. EPCs (1 × 105) 
were placed onto Matrigel gel and incubated in 
EGM-2 for 12 h. Tubular structures were photo-
graphed by phase-contrast microscopy (40×).

Preparation of coils

Silk fibroin aqueous solution was prepared as 
previously described [20]. Briefly, cocoons of 
Bombyx mori were boiled in ultra-purified water 
containing 0.02 M Na2CO3, thoroughly rinsed 
with distilled water, and then dissolved in 9 M 
LiBr at 55oC to obtain a 3% aqueous SF (w/v) 
solution. SDF-1α (PeproTech, USA) was embed-
ded by adding 10 μg SDF-1α to 500 μl of SF 
solution. The SDF-1α-SF solution was subse-
quently sterilized using a 0.22 μm filter. 
Platinum coils of 300 μm diameter were pur-
chased from Boston Scientific Corporation 
(USA) and cut into 5-mm length segments. The 
coil segments were sterilized using 75% alcohol 
for 30 min, and then rinsed with sterile phos-
phate-buffered saline (PBS) for three times. 
Under sterile conditions, the coil segments 
were immersed in SDF-1α-SF solution at 4°C 
for 4 h under continuous gentle agitation. Then, 
the coil segments were rinsed with sterile PBS 
for 10 min and subsequently treated with 90% 
methanol for 15 min to induce SF crystalline 
β-sheet structure formation. The procedure 
was repeated for three times to obtain SDF-1α-
coated coils. The coil segments were main-
tained at -80°C and rinsed with sterile PBS for 
three times before use.

Scanning electron microscopy (SEM)

Coil morphologies before and after coating with 
SDF-1α were observed under a scanning elec-
tron microscope (JSM-6380LA model, JEOL 
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Ltd., Japan) at 15 kV. Prior to analysis, the spec-
imens were carefully sputter-coated with gold. 
Measurements were performed in both coronal 
and axial directions.

Enzyme-linked immunosorbent assay (ELISA)

Coil segments were used for the detection of 
the kinetics of SDF-1α immobilization on plati-
num coils. Each segment was incubated in 50 
µl PBS (0.1 M, pH = 7.4) at 37°C with continu-
ous gentle agitation. At various time points, the 
supernatants were collected and replaced with 
fresh buffer. The level of SDF-1α in superna-

tants was measured by ELISA (R&D systems, 
MN, USA). The absorbance was measured at 
450 nm using a plate reader (Bio-Rad, CA, 
USA).

Histopathological stainings

Paraformaldehyde-fixed CCA segments were 
embedded in paraffin and sectioned at a thick-
ness of 3 μm. Each specimen was stained with 
hematoxylin and eosin, Masson trichrome, and 
Elastica van Gieson according to standard pro-
tocols. Coil segments were sputter-coated with 
gold and visualized by SEM at 15 kV.

Figure 2. Characteristics of rat bone marrow-derived 
EPCs. A. EPCs showing typical spindle-like morphol-
ogy (100×). B. Cord-like structures observed after 
7 days of culture (100×). C. Network formation ob-
served after 7 days of culture (100×). D. EPCs show-
ing cobblestone-like morphology after 3 weeks of 
culture (100×). E. EPCs take part in network forma-
tion tubular-like structures on Matrigel (40×). F-H. 
Flow cytometric analysis of surface markers (CD133, 
CD34, and VEGFR-2) on EPCs.
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Morphometric analysis was performed on 
cross-sections of each artery stained with 
hematoxylin and eosin. The inside area of the 
arterial media encircled by the internal elastic 
lamina was determined as the vascular lumen, 
and cellular and fibrotic compartments in the 
lumen were defined as organized areas. Lumen 
area, diameter and wall thickness were calcu-
lated by using image analysis software (Scion 
Corp, Frederick, MD, USA). In addition, the neo-
intimal area and media area were measured 
and the intima/media ratio was calculated.

Immunofluorescence

Immunofluorescence was performed to identify 
smooth muscle cells. Sections were incubated 
overnight at 4°C with the primary antibodies 
rabbit anti-α-smooth muscle actin (1:200; 

Abcam, USA). The sections were then washed 
with PBS and incubated with secondary anti-
body (AlexaFluor488-conjugated goat anti-rab-
bit, 1:300). The nuclei were stained with 
4’,6-diamidino-2-phenylindole. Glass slides 
were photographed under a fluorescence 
microscope (Leica, Germany).

Statistical analysis

Statistical analysis was performed using SPSS 
17.0 (USA). Two-tailed t-test was used to deter-
mine the statistical difference between groups. 
One-way ANOVA and post hoc Scheffe’s meth-
od were performed to analyze the differences 
among groups. All data were presented as 
means ± SD. P < 0.05 was considered statisti-
cally significant.

Figure 3. EPC migration. Migration of EPCs 
in medium containing (A) nothing (control), 
(B) unmodified coils, (C) SF-coated coils, 
(D) SDF-1α-coated coils, and (E) SDF-1α 
gradient (10 ng/ml) was measured using 
modified Boyden chamber migration assay 
(200×). (F) Quantification of EPC migration. 
Values are means ± SD (n = 3). **P < 0.01 
compared with control; ***P < 0.001 com-
pared with control.
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Figure 4. Characteristics of coils and in vitro release of SDF-1α. Scanning electron micrographs of (A) unmodified 
coils (Left: 15 kV, 300×, scale bar = 50 μm; Middle: 15 kV, 1000×, scale bar = 10 μm; Right: 15 kV, 5000×, scale 
bar = 5 μm); (B) Coils coated with SDF-1α/SF (Left: 15 kV, 300×, scale bar = 50 μm; Middle: 15 kV, 1000×, scale 
bar = 10 μm; Right: 15 kV, 5000×, scale bar = 5 μm); (C) Cross section of coils before immobilization of SDF-1α/SF 
(Left: 15 kV, 300×, scale bar = 50 μm; Middle: 15 kV, 500×, scale bar = 50 μm; Right: 15 kV, 2000×, scale bar = 
10 μm); (D) Cross section of coils after immobilization of SDF-1α/SF (Left: 15 kV, 300×, scale bar = 50 μm; Middle: 
15 kV, 500×, scale bar = 50 μm; Right: 15 kV, 2000×, scale bar = 10 μm). (E) Cumulative time-course release of 
SDF-1α from SDF-1α/SF-coated coils. Data are means ± SD (n = 3).

Results

Rat bone marrow-derived EPCs develop 
endothelial-like shapes and express endothe-
lial stem cell markers

To examine morphologic changes of rat bone 
marrow-derived EPCs, a phase contrast micro-
scope (Leica, Germany) was used. EPCs showed 
spindle-like phenotype after being isolated 
(Figure 2A). After continued culturing of EPCs 
for 1 week, cord-like structures were observed 
(Figure 2B). At the same time, alignment struc-
ture and network formation were observed 
(Figure 2C). After 3 weeks of culture, EPCs 
exhibited cobblestone appearance that was 
distinct from the spindle-shaped morphology of 
EPCs two weeks ago, suggesting that the cells 
differentiated into endothelial-like cells (Figure 
2D). Furthermore, tubular-like structures were 
detected on Matrigel (Figure 2E). Flow cytome-
try analysis of the surface markers on EPCs at 
passage three demonstrated that the cells 
expressed endothelial stem cell markers such 
as CD133, CD34, and VEGFR-2(KDR) (Figure 
2F-H). These data suggested that EPCs devel-
oped endothelial-like shapes and expressed 
endothelial stem cell markers as they grew.

SDF-1α promotes the migration of EPCs

To study the effect of SDF-1α on the migration 
of EPCs, transwell migration assay was per-
formed. The results showed that EPCs had 
remarkable migration in response to SDF-1α, 
especially SDF-1α-coated coils, in the lower 
chamber compared with that in the control 
group (P < 0.01; Figure 3). However, no signifi-
cant difference was observed between SDF-1α 
(5 ng/ml) group and SDF-1α-coated coils group 
(P > 0.05). These data indicated that SDF-1α 
promoted the migration of EPCs.

SDF-1α coating generates an integral thin 
layer on coil surface, with stable in vitro re-
lease of SDF-1α

To examine coil characteristics and in vitro 
release of SDF-1α, SEM was used to observe 

the coil surface and ELISA was used to detect 
the concentration of released SDF-1α after 
SDF-1α/SF solution was embedded and mixed 
into surface. SEM showed that SDF-1α-coated 
coils had complete surface integrity with a thin 
film component in contrast to uncoated coils 
(Figure 4A-D). In vitro release of SDF-1α 
fromSDF-1α-coated coils showed exponential 
release profile on day 1. After 3 days, the 
release speed was decreased with a linear 
growth up to day 21, after which a continuous 
release thereafter could be extrapolated 
(Figure 4E). These data demonstrated that 
SDF-1α coating generated an integral thin layer 
on coil surface, with stable in vitro release of 
SDF-1α after day 3.

SDF-1α-coated coils had the best organized 
fibrous tissue response and neck coverage 
ratio, as well as the most fibrotic accumulation 
on the surface

To observe embolized aneurysms with coils, 
light microscopy and SEM were used. Low mag-
nification light microscopy showed that fibrous 
scarring was covered with neoendothelium 
arising from the edges of the neck of the aneu-
rysm on day 14 (Figure 5A). In addition, well-
organized fibrous tissue response was 
observed at the neck of aneurysms embolized 
with SDF-1α-coated coils on day 28 (Figure 5B). 
A thin layer of fibrin-like material and partial 
endothelialization were seen in aneurysms 
embolized with unmodified coils (Figure 5A and 
5B). Furthermore, the proportion of neck cover-
age between different groups was compared 
on day 14 and 28. On day 14, the proportion of 
neck coverage in group D and group E was sig-
nificantly higher than that in the unmodified coil 
group (group B) (P < 0.01). On day 28, only the 
proportion of neck coverage in group E was 
higher than the unmodified coil group (group B) 
(P < 0.05). However, there was no significant 
difference between group D and group E on day 
14 or day 28 (P > 0.05) (Figure 5E and 5F).

SEM images showed that coils coated with 
SDF-1α/SF (group D) had more accumulation of 
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Figure 5. Light microscopic and SEM observations of embolized aneurysms. (A, B) Representative microscopic 
photographs of an aneurysmal orifice on (A) day 14 after treatment and (B) day 28 after treatment. (C, D) SEM im-
ages of the surfaces of coil segments on (C) day 14 after treatment (15 kV, 300×; Scale bar, 50 μm) and (D) day 28 
after treatment (15 kV, 300×; Scale bar, 50 μm). (E, F) Neck coverage ratio (fibrous membrane/orifice) for treated 
aneurysms on (E) day 14 and (F) day 28 after treatment. Data are means ± SD. *P < 0.05; **P < 0.01.

cellular debris on the surface than unmodified 
coils (group B) on day 14. There was evidence 
of slightly more fibrosis on those coils of group 
E than those of group D (Figure 5C). However, 

unmodified coils (group B) showed minimal 
fibrotic accumulation on the surface, and the 
fibrosis could not completely cover the surface 
of coils on day 28 (Figure 5D). These data dem-
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onstrated that SDF-1α-coated coils had the 
best organized fibrous tissue response and 
neck coverage ratio, as well as the most fibrotic 
accumulation on the surface.

SDF-1α-coated coils and transplanted EPCs 
have better effect on intracranial aneurysm

To investigate the histology of aneurysm tissue, 
representative tissue sections from each group 
were stained with hematoxylin & eosin, Masson 
trichrome, and Elastica van Gieson. In the 
unmodified coils group (group B), blood clots 

and cellular tissues were detected by hematox-
ylin & eosin staining in the arterial lumen of 
aneurysms on days 14 and 28. On the contrary, 
sacs in group D were almost entirely filled with 
newly formed fibrotic components such as inti-
mal hyperplasia. The intimal hyperplasia of 
group E was much thicker than that of group B 
or group D on both days 14 and 28 (Figure 6A). 
Moreover, proliferated tissue in the aneurysm 
sacs was mainly stained blue by Masson tri-
chrome, suggesting that the tissue was com-
posed of fibrosis (Figure 6B). After staining with 
Elastica van Gieson, the internal elastic lamina 

Figure 6. Histopathological investigation of CCA segments on days 14 and 28. Representative microscopic images 
of tissue sections from CCA segments in rat models on days 14 and 28 after treatment. Blood clots and their or-
ganization in these tissue sections were identified using hematoxylin & eosin, Masson trichrome, and Elastica van 
Gieson (magnification: 100×).
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was distinct and intact in all specimens of the 
sham group and most specimens of the other 
four embolized groups. Minimal damages in 
some specimens of embolized group were 
observed (Figure 6C).

Using immunofluorescence analysis, we detect-
ed α-SMA-positive cells in organized tissues 
and vascular walls of different groups. Within 
the group D and group E, the entire vascular 
wall consisted of smooth muscle cells and was 
significantly increased compared with the 
unmodified (group B) or sham-operative group 
(group A). Within the group E, α-SMA positive 
cells were present in organized tissue in the 
sac (Figure 7).

Quantification of the organized area after coil 
implantation showed that, after 14 days of 
implantation, group E demonstrated significant 
increases of intimal area and intima/media 
ratio compared with group B and C (P < 0.001) 
(Figure 8A). However, there was no significant 
difference between the group D and group E on 
day 14 (P > 0.05) (Figure 8A). On day 28, the 
percentage of organized area in the group D 
and group E was significantly higher than the 
unmodified coil group (group B) (Figure 8B). In 
addition, there was significant difference 
between the group D and group E. These data 
indicated that SDF-1α-coated coils and trans-

planted EPCs had better effect on intracranial 
aneurysm.

Discussion

Current endovascular coil embolization of intra-
cranial aneurysms is a safe and effective meth-
od [1, 3, 5]. The purpose of implanting plati-
num-based coils into the fundus is to exclude 
aneurysms from the circulation and hence, pre-
venting the risk of subarachnoid hemorrhage. 
However, not all coiled aneurysms develop tis-
sue reactions required for permanent cure. 
Postoperative coil compaction and recanaliza-
tion are persistent problems, particularly for 
patients with large or giant aneurysms [14]. 
This is because the platinum coil is biologically 
inert and can only induce incomplete thrombus 
organization, which is a major obstacle in the 
reconstruction of endothelial cell layer in the 
aneurysm neck orifice. Moreover, some studies 
demonstrated that lack of complete endotheli-
alization at the aneurysm neck is a key histo-
logical mechanism for coil compaction and 
aneurysm recurrence [21]. For complete fibro-
vascular tissue formation within the aneuris-
mal sac and endothelial formation of the aneu-
rysm orifice, coils that effectively promote clot 
organization and endothelial cell proliferation 
are necessary.

Figure 7. Immunofluorescence analysis for α-SMA. Photomicrographs showing α-SMA cells in (A) organized tissue 
and (B) vascular walls with different magnification. Positive staining was indicated by green color.
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Many growth factors have been used to modify 
coil surface to increase its biological activity 
[10, 11, 19, 22]. Evaluation of the histological 
response of these modified coils to enhanced 
thrombus organization showed some good 
effects but with some limitations. Alternative 
growth factors that allow coiling and endotheli-
alization are worth exploring in order to 
decrease recanalization rate. The CXC chemo-
kine SDF-1α, known as CXCL12, is a key regula-
tor of B cell lymphopoiesis, hematopoietic stem 
cell mobilization, and leukocyte migration [23]. 
SDF-1α binds and activates two G-protein cou-
pled receptors, CXCR4 and CXCR7. Migration 
and proliferation of stem cells and progenitor 
cells are regulated via the activation of CXCR4. 
Involvement of SDF-1α and CXCR4 in brain 
pathologies has also been described. Stroke 
and traumatic injuries to the central nervous 
system lead to an inflammatory response that 
includes local secretion of several chemokines 
that attract neural stem cell-derived neuro-
blasts from the subventricular zone [23]. 
Increase in SDF-1α expression by astrocytes 
after brain ischemia attracts transplanted 
human umbilical cord cells expressing CXCR4 
to the injury site [24]. SDF-1α-CXCR4 axis plays 

important roles in the homing of CXCR4-
expressing cells. Previous studies showed that 
SDF-1α was primarily expressed in bone mar-
row and a high level of CXCR4 was expressed in 
EPCs. SDF-1α could induce EPC migration and 
protect EPCs from apoptosis. In addition, SDF-
1α/CXCR4 axis has been well confirmed to play 
a key role in EPC mobilization in response to 
hypoxia or injury [25]. EPCs that mainly exist in 
postnatal bone marrow can differentiate into 
mature endothelial cells in vitro [26, 27]. 
Growing evidence indicated that EPCs could 
migrate to peripheral blood and proliferate at 
the site of endothelial disruption and hence, 
incorporating into nascent endothelium [28]. 
Moreover, EPCs secrete a variety of proangio-
genic, prosurvival and anti-inflammatory cyto-
kines, contributing to vascular repair, neovas-
cularization and cardiac function [29]. A recent 
study proved that endovascular injection of 
EPC-seeded fibrin glue resulted in neointima 
formation at the aneurysm neck in rabbits. 
Another study demonstrated that bone mar-
row-derived EPCs were involved in the aneu-
rysm repairing process [30]. However, the pre-
cise mechanism of action of the injected EPCs 
in vivo was not shown in the study by Aronson 

Figure 8. Analysis of organized area in rat aneurysm models. The area, wall thickness, and intima/media ratio of the 
five groups were quantified on (A) day 14 and (B) day 28 after implantation. *P < 0.05; **P < 0.01; ***P < 0.001.
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et al. [8]. It is also unknown whether increased 
number of circulating EPCs can accelerate the 
repairing process of the aneurysm neck endo-
thelial lineage [31].

In the present study, SF, a natural protein that 
has excellent biocompatibility but leads to mini-
mal inflammatory reaction, was used as a 
growth factor-releasing carrier for endovascular 
treatment of aneurysms. After being pro-
cessed, SF can be used as particles, fibers, 
films and gels in a lot of applications [32]. 
Growth factors can be incorporated into silk 
matrix due to the aqueous and mild processing 
conditions [33]. To develop bioactive coils, the 
coils were coated with SF that was able to 
become water-insoluble due to β-sheet forma-
tion. SF and SDF-1α coating was confirmed by 
SEM. In contrast to unmodified coils, a thin 
layer could be seen on coils coated with SDF-
1α/SF. Because of the beneficial mechanical 
properties shown in pervious studies, we spec-
ulate that the embedding of SDF-1α into a SF 
matrix can produce coils with good handing 
properties. The release profile of SDF-1α from 
SDF-1α/SF-coated coils was determined by 
ELISA. Though the release rate of SDF-1α from 
SF was fast at early stage, but no burst release 
was observed in this study. In the late stage of 
incubation, diffusion of SDF-1α from SF was ste- 
ady. In general, the degradation rate decreases 
with the increase of overall β-sheet content. In 
the present study, the coils were coated with 
SDF-1/SF via β-sheet formation. Therefore, we 
speculate that SF may have a slow degradation 
rate and excellent biological activity for the con-
trolled release of SDF-1.

In a previous study, we knew that growth factor 
release kinetics from SF was likely influenced 
by both ionic charge and molecular weight of 
the protein [20]. Interestingly, due to the clus-
ters of positively charged residues of SDF-1α 
and negatively charged SF at isohydric pH, we 
speculate that the interaction between SDF-1α 
and SF governed by ionic attraction is strong. 
Moreover, SDF-1α with a low molecular weight 
(8 kDa) was immobilized on the coils more 
quickly and efficiently. Binding led to the accu-
mulation of SDF-1α on the bioactive coils and 
localized SDF-1α gradients capable of attract-
ing EPCs over time. However, SDF-1α release 
was prolonged to more than 3 weeks in vitro. 
The length of the sustained release of SDF-1α 
from SDF-1α/SF-coated coils was not deter-
mined in the present study.

EPCs, bone marrow stem cells widely used in 
proangiogenic applications [34], are thought to 
play an important role in endogenous vascular 
repair after vascular injury and in the mainte-
nance of endothelial integrity. EPCs are origi-
nated from bone marrow after vascular injury, 
followed by homing to the site of neovascular-
ization [35], where they differentiate into endo-
thelial cells. However, EPCs are very rare in the 
peripheral blood, and SDF-1α released from 
the aneurysm wall is not enough for the chemo-
taxis of EPCs. Therefore, the increase in the 
number of EPCs and the implantation of SDF-
1α/SF-coated coils in the embolized aneu-
rysms are strategies for accelerating the repair-
ing process of aneurysm neck endothelial 
lineage. Safe and controlled delivery of SDF-1α 
for the effective recruitment of EPCs is achieved 
by SF. Chemotactic properties of SDF-1/
SF-coated coils were investigated in the modi-
fied Boyden chamber assay in vitro. Microscopic 
images of the stained EPCs clearly showed 
increased chemotactic response of the cells 
with increasing amount of SDF-1 immobilized 
within the coils. EPCs contributed to neck neo-
intima formation after the implantation of SDF-
1-coated coils.

In this study, histological healing was improved 
by SDF-1α-coated coils compared with unmodi-
fied coils. At 2 and 4 weeks after coil implanta-
tion, sham operation group displayed unorga-
nized thrombus, and unmodified coils deve- 
loped loose connective tissue, whereas SDF-
1α-coated coils showed significant intimal pro-
liferation response. As shown in our study, 
α-SMA-positive cells were present in the sacs 
of organized tissues, and the proliferated tis-
sues were stained blue with Masson trichrome. 
The proliferated tissues were composed of cel-
lular components that were probably fibro-
blasts, smooth muscle cells and collagen 
fibers. A report revealed that SDF-1α/CXCR4 
axis played a crucial role in the recruitment of 
bone marrow-derived smooth muscle cell pro-
genitor in response to arterial injury and the 
mediation of neointimal hyperplasia [36]. We 
speculate that SDF-1α released from SDF-1α/
SF coils influenced fibroblasts or smooth mus-
cle cells in the vascular lumen and hence, 
inducing fibrosis in the arterial lumen. A recent 
study described the arterial wall changes after 
HydroCoil implantation into rat aneurysm 
model. Because of the fully expandable prop-
erty of hydrogel, disappearance of intima and 
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damage of elastic lamina were found in the 
sacs [37]. Although blood clots and organized 
tissues appeared within the CCA sacs following 
the placement of SDF-1α-coated coils and the 
transplantation of EPCs, the vascular wall in 
this group remained similar to those of other 
groups. SEM showed more fibrin deposition on 
the surface of SDF-1α-coated coils and light 
microscopy showed wound healing at the necks 
of the embolized aneurysms. These results 
suggested that SDF-1α/SF-coated coils were 
bioactive and could functionally enhance clot 
organization and endothelial cell proliferation. 
The use of SDF-1-coated coils and EPC trans-
plantation may improve long-term anatomical 
outcomes by decreasing aneurysm recanaliza-
tion due to stronger in situ anchoring of coils by 
organized fibrous tissue.

The aim of this study was to explore the suit-
ability of SDF-1α-loaded SF for the surface 
modification of platinum coils and its efficacy in 
promoting aneurysm healing at the neck of rat 
aneurysm model. However, the present study 
still has several limitations: We didn’t construct 
SF-coated coil group (SF alone) because it has 
been proven that SF-coated coils had no capa-
bility of recruiting EPCs in vitro. In addition, 
endovascular approach for the implantation of 
coils in small animal model used in this study 
was difficult. Moreover, the transplantation of 
autologous EPCs on SDF-1α-coated coils in 
embolized aneurysms was limited to unrup-
tured aneurysms because of the time required 
for harvesting EPCs. For SDF-1α-coated coils 
alone, the coil could induce neointima forma-
tion at the aneurysm neck and decrease recan-
alization of ruptured aneurysm that needed 
urgent treatment. However, further experi-
ments are required to determine the behavior 
of the injected EPCs in vivo and to test the 
effects in larger animals.

In the present study, we developed a bioactive 
platinum coil modified with SDF-1α/SF. Su- 
stained release of SDF-1α from coils could be 
achieved through the degradation of SF. 
Implantation of coils coated with SDF-1α/SF 
combined with autogoulous transplantation of 
EPCs could accelerate clot organization and 
endothelial cell proliferation. In the experimen-
tal rat aneurysm, EPCs played a crucial role in 
the repairing and reconstruction of the aneu-
rysm neck orifice after being embolized with 
SDF-1α/SF-coated coils, which could prevent 
the recurrence of coiled aneurysm. Our results 

suggested that SF might be a promising alter-
native carrier of growth factors for the prepara-
tion of bioactive platinum coils for endovascu-
lar treatment of aneurysms.
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