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 Small-diameter (less than 6 mm in diameter) vascular grafts are highly desir-
able due to the large demand for surgical revascularization; however, there 
are no available artifi cial grafts. Vascular grafts of 1.5 mm diameter prepared 
by our group with silk fi broin fi ber have been proved to be excellent grafts 
with remarkably high patency and remodeling, based on rat implantation 
experiment (Enomoto et al., 2010). In this study, a silk fi broin vascular graft 
with 3 mm diameter which can be used for the coronary arteries or lower 
extremity arteries is prepared with a double-raschel knitted  Bombyx mori  silk 
fi ber tube coated with  B. mori  silk fi broin sponge. Here the silk sponge is pre-
pared from an aqueous solution of the silk fi broin and poly(ethylene) glycol 
diglycidyl ether as porogen. Suffi cient strength, proper elasticity, and protec-
tion from loose ends in the implantation process are obtained for the silk 
fi broin graft; low water permeability and relatively large compliance are also 
attained. These excellent physical properties make silk fi broin grafts suitable 
to be implanted in a canine model. 

grafts larger than 6 mm in internal dia-
meter (ID). [  1  ]  Specifi cally, the patencies 
of e-PTFE and Dacron grafts (6 mm ID) 
were 26–46% and 42–62%, respectively, at 
5 years follow-up time. [  2  ]  However, grafts 
with smaller than 6 mm ID fail early due 
to thrombus formations and intimal hyper-
plasia. [  3  ,  4  ]  Animal studies have shown only 
a 20–25% patency rate with 1 mm dia-
meter PTFE grafts, while all vein grafts in 
a similar size remained patent. [  5,6  ]  

 Silk fi broin (SF) fi ber from  Bombyx 
mori  has a long history of use in textiles. 
SF fi ber also has a long history of use 
as a suture material because of its high 
strength and toughness. [  7  ]  Moreover, SF 
has been reported to have many inherent 
superior properties as a biomaterial in 
terms of mechanical properties, envi-
ronmental stability, biocompatibility, low 
immunogenicity, and biodegradability; [  8–11  ]  

therefore, many applications of SF biomaterials have been 
examined. [  12–16  ]  SF has been previously studied as biomaterial 
substrates for cell growth related to tissue engineering. Electro-
spun and porous silk composite scaffolds have been used for 
ingrowth of human mesenchymal stem cells (hMSCs) to osteo-
genic tissue formation in vitro. Both scaffolds supported high 
calcium deposition and cell differentiation. [  16–19  ]  

 In our previous studies, [  20,21  ]  we prepared SF grafts by 
braiding, fl attening, and winding the SF fi bers onto a cylin-
drical polymer tube followed by coating with an SF aqueous 
solution. The grafts, which are 1.5 mm in ID and 10 mm in 
length, were implanted into rat abdominal aorta. An excellent 
patency (85.1%;  n   =  27) at 1 year after grafting with SF fi bers 
was obtained. This patency rate was remarkably higher than 
that of e-PTFE grafts (30%;  n   =  10,  p   <  0.01). Endothelial cells 
and smooth muscle cells were organized early on the inner 
layer of the SF graft. Sirius-red staining revealed that the col-
lagen content of fi broin grafts signifi cantly increased 1 year 
after implantation, with a decrease in SF content. [  20  ]  However, 
this graft has some problems when used with larger diameter 
(3 mm) for the coronary arteries or lower extremity arteries 
because of its relatively weak strength, lack of elasticity, and 
tendency for the end of the graft to become loose during the 
implantation process, which are not very serious problems in 

  1. Introduction 

 Artifi cial grafts are becoming more desirable with the increasing 
number of patients requiring replacement of their coronary 
and lower extremity arteries. Accordingly, many researchers 
have long attempted to develop artifi cial grafts. Synthetic ves-
sels such as poly(tetrafl uoroethylene) (e-PTFE) and knitted or 
woven poly(ethylene terephthalate) (PET) grafts (Dacron) are 
commercially available and have performed satisfactorily for 
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rat implantation experiment; however, they 
become more serious problems in implanta-
tion for larger animals. 

 In this study, we report SF grafts pre-
pared as a double-raschel knitted SF fi ber 
graft that is coated with SF aqueous solution 
containing poly(ethylene) glycol diglycidyl 
ether (PGDE) in order to overcome these 
problems. We have already shown that SF 
grafts prepared by this method could avoid 
early formation of thrombosis until 8 weeks 
after implantation in rat abdominal aorta. [  21  ]  
Following the rat study, SF vascular grafts 
with small diameter (3 mm) were fabricated 
using a double-raschel knitting technique, 
which is especially useful for preparation of 
larger-diameter SF grafts because of its suf-
fi cient strength, proper elasticity, and protec-
tion from formation of loose ends during the 
implantation process. In addition, coating 
of the grafts with a mixture of SF aqueous solution and PGDE 
was used in order to construct porous structures of SF on the 
graft surface; here, PGDE is used as porogen. SF vascular graft 
was then used in a practical application for a dog study. We 
performed bilateral end-to-end common carotid arteries (CCA) 
bypasses with 3 mm diameter SF grafts in a canine model, and 
the graft patency and hemodynamic changes were monitored 
with color Doppler ultrasonography.   

 2. Results and Discussion 

  2.1. Preparation of SF Grafts 

 As summarized in  Figure    1   for a single-coated SF graft, SF 
grafts with 3 mm inner diameter were prepared carefully. 
An SEM image of the double-raschel knitted SF grafts with 
3 mm inner diameter after degumming treatment are shown 
in  Figure    2  A. The remaining silk sericin in the knitting process 
was removed completely. The double-raschel knitting has merit 

in that the silk threads do not become fl at even if the threads 
are pressurized by a guide or needle, as well as having appro-
priate elasticity. In addition, because of many contact points of 
the fi bers, suffi cient strength and protection from loosing at 
the edges in the implantation process could be attained. The 
friction on the contact point was also reduced, which prevents 
thread tears and/or thread separation during manufacturing 
process.   

 The SF graft was coated with SF sponge using PGDE as 
porogen to decrease the leakage of blood from the graft, to pro-
tect from the loosing of the fi bers at the edges in the implan-
tation process, and to strengthen the elastic character of the 
graft. Min et al. [  22  ]  prepared porous tubular scaffolds from only 
SF aqueous solution with the addition of PGDE. The scaffolds 
were fl exible and transparent in the wet state with a pore size 
of 81–128  μ m and porosity of 90% to 96%, depending on the 
concentrations of SF and PGDE. The tubular SF scaffolds had 
satisfying tensile and compression properties, especially an 
excellent deformation-recovery ability. No obvious cytotoxicity 
to mouse L-929 fi broblasts was detected. Thus, this SF/PGDE 
sponge coating on the degummed double-raschel knitted SF 

graft was performed at the steps 2–4 in 
Figure  1 . The PGDE was removed completely 
at step 4. PGDE has usually been used as 
cross-linking agent via heat treatment. How-
ever, in our experiment, this regent is used 
as porogen and there are no cross-linking 
between silk fi broin and PGDE because there 
is no heat treatment, see Figure  1 . Figures  2 B 
and C show SEM pictures of the inner sur-
face and cross-section of the single-coating 
graft with 5% SF concentration and SF/PGDE 
of 1:1. The thickness of the graft was 300  μ m. 
At the surface, there are holes, 50–200  μ m 
randomly. Double coating with 5% SF con-
centration and SF/PGDE of 1:1 leads to the 
formation of an inner surface with essentially 
no holes, as shown in Figure  2 D; the thick-
ness was 500  μ m (Figure  2 E).   

     Figure  1 .     Preparation process of a single-coated SF graft: 1) a 3 mm AC rod was covered by 
double-raschel knitted SF tube, 2) the rod with SF tube was inserted in AC pipe with 5 mm 
inner diameter and the space was fi lled with mixed SF/PGDE aqueous solution, 3) the graft 
was frozen at  − 80  ° C for 24 h in a refrigerator, 4) the graft was allowed to stand in deionized 
water for 3 d, and, 5) the graft was placed in a bag and sterilized using an autoclave at 120  ° C 
for 20 min.  

     Figure  2 .     SEM images of several SF grafts: A) the surface of a double-raschel knitted silk fi ber 
tube after removal of silk sericin, B) inner surface of the single-coated graft, C) cross-section of 
the single-coated graft, D) inner surface of the double-coated graft, and, E) cross-section of the 
double-coated graft. The thicknesses of the grafts were: C) 300  μ m, and, E) 500  μ m.  
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 2.2. Physical Properties 

 The physical properties were measured for the SF grafts pre-
pared by single- or double-coating, at different SF concentra-
tions and ratios of SF/PGDE. 

 The water permeabilities of the SF grafts are plotted against 
the SF concentration and the ratio of SF/PGDE as shown in 
 Figure    3  A together with two corresponding values reported 
in the specifi cation of the two commercial sealed-polyester 
vascular prostheses, PET A(Triprex, Terumo, Japan) and PET 
B(J Graft sealed, Junken Medical, Japan). [  23  ]  The water perme-
ability decreases for the double-coated graft compared with the 
single-coated one, as is expected from Figure  2 . In addition, 
with increasing SF concentration or the fraction of PGDE in 
the graft preparation process, the water permeability tends to 
decrease. The water permeability of the double-coated grafts 
with 5% SF concentration with SF/PGDE of 1:2 or with 8% SF 
concentration with SF/PGDE of 1:2 were 0.17  ±  0.02 mL and 
0.13  ±  0.02 mL (  ∗   p   <  0.05), respectively. These values are smaller 
than the PET A, indicating suffi cient coating is achieved by SF 
sponge on the SF tube.  

 Next, the compressive elastic modulus was observed; the 
results are summarized in Figure  3 B. The modulus tends to 

decrease with increasing SF concentration 
and with fraction of PGDE. The double-
coated grafts also tend to have higher com-
pressive elastic modulus than those of 
single-coated grafts. However, the difference 
between single- and double-coated grafts 
becomes small for the grafts with 5% SF 
concentration and SF/PGDE of 1:2. These 
compressive elastic modulus values are lower 
than that of ePTFE. [  21  ,  24  ]  Thus, SF grafts with 
5% SF concentration and SF/PGDE of 1:2 
seem to be favorable for artifi cial grafts from 
the viewpoint of compressive elastic moduli, 
as well as having the very low water perme-
ability mentioned above. When we mixed SF 
aqueous solution with PGDE, structural tran-
sition of the SF from random coil to  β -sheet 
structure occurs. However, the ability of 
PGDE to form  β -sheet structure of SF mole-
cules is not so strong, for example, compared 
with polar solvents such as methanol or ace-
tone. After removal of PGDE, an SF sponge 
coating on the double-raschel knitted SF fi ber 
graft with suitable character for the artifi cial 
vascular graft was attained.   

 2.3. Acute Thrombogenicity 

 Clot weight gain was evaluated by acute 
thrombosis determination with in vitro pig 
blood circuit methods. Vascular patency 
relies on a careful balance of chemical media-
tors and local fl uid dynamics. [  23  ]  Blood fl ow 
through vascular grafts is believed to corre-

spond with thrombosis formation. In this study, we attempted 
to simulate a blood circuit. Measurement of clot weight corre-
sponds to platelet and fi brin deposits and red blood cell adhe-
sion on the SF graft surfaces. The results are summarized in 
 Figure    4  . It can be pointed out that non-coated and single-coated 
grafts clearly show higher weight increase compared with the 
double-coated one, by more than a factor of two (  ∗   p   <  0.05, 
  ∗  ∗   p   <  0.001). This result is related to the roughness of the sur-
faces, as shown in Figure  2 A; that is, higher roughness of the 
former grafts. The concern was whether fresh blood would 
deteriorate gradually during circulation. Blood components, 
such as erythrocytes, leukocytes, thrombocytes, and hemo-
globin, were within normal ranges for 90 min during circula-
tion (data not shown). The inner circuit pressure was between 
75 and 115 mmHg. Indeed, it was concluded that using the cir-
cuit would demonstrate conditions mimicking in vivo dynamic 
blood fl ow to some extent for 90 min of experiment. Thus, the 
double-coated graft seems favorable, although there are no sig-
nifi cant differences with changing SF concentration or ratio 
of SF/PGDE. This multifunctional vascular prosthesis has not 
only outstanding mechanical properties and porous structure, 
but also hemocompatibility, which is an important character-
istic for preventing acute thrombosis and facilitating the tissue 
development.    

     Figure  3 .     A) Water permeabilities of several SF grafts: single-coated with SF 3% and SF/PEGD 
of 1:1 and 1:2; with and SF 5% and SF/PGDE of 1:1 and 1:2; and double-coated with SF 3% 
and SF/PEGD of 1:1 and 1:2, with SF 5% and SF/PGDE of 1:1 and 1:2, and with SF 8% and SF/
PEGD of 1:2; also shown are PET A (Triprex, Terumo, Japan) and PET B (J Graft sealed, Junken 
Medical, Japan). [  23  ]  The statistical errors were determined using one-way analysis of variance 
(ANOVA) and Tukey-Kramer post hoc tests,   ∗   P   <  0.05,   ∗  ∗   P   <  0.001; error bars indicate  ± SD; 
 n   =  5. B) Corresponding compressive elastic modulus of several SF grafts, together with that of 
ePTFE. [  21  ]  The statistical errors were determined using one-way analysis of variance (ANOVA) 
and Tukey-Kramer post hoc tests,   ∗   P   <  0.05,   ∗  ∗   P   <  0.001;  ± SD;  n   =  7.  
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 2.4. Compliance 

 Judging from the water permeability, compressive elastic 
modulus, and acute thrombogenicity experiments, we selected 
the double-coated SF grafts with 5% SF concentration and 
SF/PGDE of 1:2 for evaluation of the SF graft using a canine 
model. 

 Previous studies demonstrated that the patency is sig-
nifi cantly correlated with compliance when synthetic vessel 
grafts were implanted in animal models. [  25,26  ]  Thus, before 
dog implantation experiments, the compliance of the graft 
(5% SF concentrations and SF/PGDE of 1:2) was determined. 
The intra-luminal pressure ( P )–relative diameter ( D ) curves of 
the double-coated SF grafts and ePTFE grafts used as a con-
trol are shown in  Figure    5  . The  P–D  curve of the SF graft was 
a typical J-type pattern. This pattern is the same as that of 
native artery, although the compliance, 1.90, of the SF graft 
at 100 mmHg is smaller than the value 6.8 of native artery at 
100 mmHg ( Table    1  ). [  26  ]  In contrast, the ePTFE grafts showed 
only small change in the diameter during the experiment, 
which was quite a different pattern to the SF grafts. The value, 

0.51, at 100 mmHg is quite small compared 
with native artery. Thus, the SF graft is suit-
able to the artifi cial graft from the viewpoint 
of compliance. The   β  -value of the SF graft is 
24.84, which is close to the value of native 
artery, 10.6. [  26  ]  Thus, it is concluded that the 
SF graft is favorable for the artifi cial graft.     

 2.5. Implantation and Color Doppler 
Sonography 

 The post-operative course for each dog was 
uncomplicated. No late neurological compli-
cations were observed. All SF grafts used here 
were patent after operation, no intraoperative 
acute thrombosis was observed.  Figure    6  A 
shows an SF graft after implantation; blood 
oozing and good matching with the native 

artery can clearly be observed. The character of the implanted 
graft Doppler velocity waveform is shown in Figure  6 B. Intimal 
hyperplasia and acute thrombosis following arterial bypass 
grafting with small-diameter prosthetic material often results in 
treatment failure. Therefore, it is critical to study this problem 
and important to have animal models. In this study, we applied 
the SF graft with the ratio values of 5% SF and 10% PGDE to a 
canine carotid artery bypass graft model. After implantation, the 
performance of the graft was evaluated by color Doppler sono-
graphy for the acute thrombosis and blood hemodynamics.  

 Of fi ve implanted grafts, four were observed over four weeks 
and one graft was observed over one year. For the one-year obser-
vations, vascular graft sonography monitorization was carried 
out post-operatively 1 month, 6 months, and every 2 months 
to 1 year to observe hemodynamic and intimal changes. Four-
months post-operatively the grafts showed regular enhance-
ment without perfusion defects. This event may be proof of the 
graft remodeling and gaining strength in vivo. Hemodynamic 
changes of peak systolic velocity (PSV;  Figure    7  A) and end 
diastolic velocity (EDV; Figure  7 B) were observed for one year. 
One-month post-operatively, PSV increased in the middle por-
tion of the vascular prosthesis; however, the EDV increase was 
not signifi cant. Six months after operation, PSV increases were 
still observed in the middle portion of the vascular prosthesis, 
with an increase in EDV also observed. Eight months after 
operation, the PSV and EDV increases shifted from the middle 
portion to a proximal anastomosis portion. Detection of a 
hemodynamically signifi cant focal increase in PSV means that 
there may be formation of stenosis in the segment where the 

     Figure  4 .     Weight increase percentage (%) rate of SF grafts. Non-coated; single-coated with SF 
3% and SF/PEGD of 1:1 and 1:2), and with SF 5% and SF/PGDE of 1:1 and 1:2; and double-
coated with SF 3% and SF/PEGD of 1:1 and 1:2, with SF 5% and SF/PGDE of 1:1 and 1:2, 
and with SF 8% and SF/PEGD of 1:2. The statistical errors were determined using one-way 
analysis of variance (ANOVA) and Tukey-Kramer post hoc tests,   ∗   P   <  0.05,   ∗   ∗   P  <  0.001; errors 
bars indicate  ± SD;  n   =  7).  

     Figure  5 .     Compliance experiment. The intraluminal pressure was plotted 
against external diameter relative to the original diameter  D  0  at no pres-
sure for ePTFE ( � ) and SF ( ♦ ) grafts. The standard deviations are shown 
with error bars.  

   Table  1.     Diameter compliance and stiffness of grafts (ePTFE and SF 
graft). 

 Compliance 
[% per 100 mmHg]

  β   

SF Graft 1.90 24.84

ePTFE 0.51 164.00

Native artery  ∗  6.80 10.60

     ∗  These values were taken from Sonoda et al. [  26  ]    

Adv. Healthcare Mater. 2013, 2, 361–368



www.MaterialsViews.com

FU
LL P

A
P
ER

www.advhealthmat.de

365wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

increase in PSV was detected. This result may suggest initimal 
plaque or stenosis formation in the middle portion of vascular 
prosthesis in the fi rst six months and proximal anastomosis 
portion in the second six months.    

 2.6. Histological Analysis 

 One-month and one-year post-operatively hematoxylin & eosin 
(H&E) and Masson’s trichorome staining were analyzed. After 

one month, H&E staining showed fi brin 
and blood-cell immigration into the vascular 
graft and the remaining coating material 
( Figure    8  A). SF vascular grafts did not show 
any necrosis or calcifi cation. Histological 
analysis one month after grafts implantation 
is too early to observe neovessel formation 
and infl ammatory cell response for degrada-
tion. There were no fi brous tissue formations 
on the graft wall (Figure  8 B and C).  

 One year after implantation the medial 
portion of the graft showed infl ammatory cell 
infi ltration throughout the SF graft, including 
macrophages, neutrophils, lymphocytes, and 
plasma cells. After one year, the SF sponge 

was almost degraded and replaced by fi brous tissue (Figure  8 E 
and F). Such fi brous tissue is the biggest part of the native 
artery of collagen observed by Mosson’s trichrome on the graft 
wall. Endothelial and smooth muscle-like cell were observed on 
the luminal area for proximal and distal parts of vascular grafts 
by H&E staining (Figure  8 D). However the middle portion of 
SF graft did not show endothelial cell formation. Long-term 
graft failure of polyester substrate are due to calcifi cation or 
graft infection following necrosis in current use. After one year, 
SF did not show any necrosis, calcifi cation or infection forma-

tion. In addition, change of the SF graft wall 
to fi brous native tissue was observed. Acute 
infl ammatory cells, but not giant infl amma-
tory cells, were also observed. This result 
suggests that SF shows a low body immune 
response with degradation.    

 3. Conclusions 

 This study proposed a novel technique to fab-
ricate small-diameter vascular grafts assem-
bled from knitted SF tube and SF coating 
which can be used for the coronary arteries or 
lower extremity arteries. The grafts exhibited 
a good scaffold with desirable mechanical 
properties essential to increased effi cacy for 
revascularization and handling during sur-
gical operation. Moreover, we demonstrated 
that properties such as permeability can be 
controlled by a concentration of SF-mixed 
PGDE to solidify SF solution and to provide 
elastic characteristics. In addition, a higher 
concentration SF solution showed higher 
elastic modulus. A double-coated method 
showed better compliance under hydrostatic 
pressure. In conclusion, the double-coated 
graft with 5% SF and 10% PGDE was the 
most functional one observed in this study. 
This graft was used to perform bilateral 
end-to-end CCA bypasses in a dog study 
and one of the implanted grafts showed pat-
ency more than one year after implantation. 
These results suggest the potential of the SF 

     Figure  6 .     A) SF graft after implantation; blood oozing and good matching with native artery can 
be observed. B) Doppler velocity waveform of implanted SF grant. A: direction of blood fl ow, B: 
depth on the B mode, C: time axis on the pulse Doppler mode.  

     Figure  7 .     Peak systolic velocity (PSV), and end diastolic velocity (EDV) values of implanted SF 
graft from the dog one year after implantation. In the fi rst six months, PSV and EDV slightly 
increased in the mid-portion of the vascular graft; however, in the second six months increases 
in PSV and EDV have shifted in proximal anastomosis portion. Increased PSV and EDV values 
indicated stenosis formation in proximal part of implanted graft. The labels indicate: Part: 
proximal native artery, PA: proximal anastomosis, MG: middle part of vascular graft, DA: distal 
anastomosis, and, Dart: Distal native artery.  
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in order to remove silk sericin, as described 
above. The degummed SF fi bers were dis-
solved in a 9  M  lithium bromide solution 
to a concentration of 20% (w/v) at 60  ° C 
for 4 h and then dialyzed against distilled 
water for 3 d at 4  ° C using a cellulose mem-
brane (MWCO 14 000). The fi nal concen-
tration of the fi broin aqueous solution was 
3%–8% (w/v). Freshly prepared SF aqueous 
solution was subsequently used for coating 
the SF graft.   

 4.3. Preparation of the SF Graft by Coating 
with SF Sponge 

 We tried two coating methods, single and 
double coating. Figure  1  summarizes the 
process used to prepare SF grafts, with 
single coating as an example. The acrylic 
(AC) rod with 3 mm diameter was cov-
ered by double-raschel knitted SF tube with 
3 mm inner diameter (Step 1). The rod cov-
ered by the silk tube was inserted in an AC 
pipe with 5 mm inner diameter, where the 
bottom was sealed by a paraffi n fi lm, and the 
space between the rod and pipe was fi lled 
with the mixed SF/PGDE aqueous solution 

(Step 2) and the graft was frozen immediately at  − 80  ° C for 
24 h (Step 3); the concentration of silk fi broin was changed, 
3% or 5%, and the composition of SF/PGDE solution was 
changed, SF/PGDE of 1:1 or 1:2. Then the silk tube was pulled 
out from the rod and put in deionized water for 3 d (Step 4), 
where the water was replenished twice daily. The graft was 
put in a bag and sterilized using an autoclave at 120  ° C for 
20 min (Step 5). 

 The double-coated SF graft was prepared after the single-
coating process. An SF tube with slightly larger inner dia meter 
(4 mm diameter instead of 3 mm diameter) was used at the 
fi rst coating. Then, 3 mm diameter AC rod was inserted into 
the single-coated tube with 4 mm inner diameter carefully. The 
space between the rod and silk tube was fi lled with the mixed 
SF/PGDE aqueous solution and the graft was frozen immedi-
ately at  − 80  ° C for 24 h. The concentration of silk fi broin was 
changed, to be 3%, 5% or 8%, and the composition of SF/PGDE 
solution was changed, with SF/PGDE of 1:1 or 1:2. The removal 
of PGDE was confi rmed by no detection of PGDE peaks in the 
IR and NMR spectra of the graft (Data not shown).   

 4.4. Physical Property Observations 

 The complete removal of PGDE from the SF graft was con-
fi rmed with FT-IR (JASCO FT/IR 4100, Japan) and  13 C CP/
MAS NMR (JEOL 400 MHz NMR spectrometer,Japan) spectro-
scopies. A scanning electron microscopy (SEM; VE-7800 Key-
ence, Japan) was used to check the morphology of the SF graft. 

 The water permeability test was carried out according to 
ISO7198 in order to evaluate blood leakage of SF grafts. A water 

graft to regenerate vasculatures. The results encourage further 
studies on SF knitted grafts coated with SF/PGDE for vascular 
applications.   

 4. Experimental Study 

  4.1. Preparation of the Double-Raschel Knitted SF Tube 

 A computer-controlled double-raschel knitting machine was 
used to prepare knitted SF tubes with 3 mm ID. The machine 
is usually used to prepare graft tubes with polyester fi ber with 
suffi cient strength and long fi laments. To prepare double-
raschel SF tubes, fi rstly, SF thread from  B. mori  was degummed 
in such a way that some part of silk sericin could remain to 
avoid breaking of SF thread in the knitting process. Then the 
SF threads obtained were tied up in a bundle and knitted to 
manufacture double-raschel knitted SF tube. For the knitting 
process, several degummed SF fi bers were braided together 
and the braided SF was used for preparing the tubular graft 
with the double-raschel knitting method. The double-raschel 
knitted SF tubes were then degummed in a mixture of sodium 
carbonate (0.08% w/v) and Marseille soap (0.12% w/v) solution 
at 95  ° C for 120 min in order to remove the silk sericin com-
pletely before coating with SF aqueous solution.   

 4.2. Preparation of SF Aqueous Solution for Coating 

 For coating double-raschel knitted SF tubes,  B. mori  SF aqueous 
solution was prepared. The dried silk threads were degummed 

     Figure  8 .     A) Silk fi broin graft one month after implantation with hematoxylin and eosin (HE) 
staining at proximal anastomosis. The black arrow shows the native vessel of the dog and the 
red arrow shows the silk fi broin graft. Fibrin and blood-cell immigration into the vascular graft 
was observed and the coating material of the graft remained intact. B) Higher magnifi cation of 
proximal anastomosis. The black arrow indicates the native vessel of the dog and the red arrow 
the silk fi broin graft. The silk fi broin graft shows cell immigration into the vascular wall and the 
coating material. C) Higher magnifi cation of (B); cell attachment is observed on the coating 
material. D) Silk fi broin graft one year after implantation: HE staining shows an endothelial cell 
layer and smooth muscle-like cell inner parts of lumen, (L: lumen). E) Higher magnifi cation 
of HE staining. Silk fi broin substrata among infl ammatory cells are observed. No giant cell is 
observed. F) MTC staining of the silk fi broin graft one year after implantation. In the silk fi broin 
substrate, infl ammatory cell and tissue formation composed of collagen are observed. These 
fi ndings shows the infl ammation process is still ongoing.  
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experiment, fresh blood from the same pig was divided into 
separate reservoirs of 1 L. The blood was supplemented with 
4 U mL  − 1  heparin (Wako, Japan). The weight of the grafts (5 cm 
in length) was recorded before testing. Four samples used for 
each concentration and samples were placed in parallel under 
the blood circuit. The pulsatile blood fl ow was provided by a 
peristaltic pump (Gilson, USA). The peristaltic pump was run 
at a fl ow rate 220 mL min  − 1  for 90 min. The blood from the 
circuit was collected every 15 min to evaluate the blood com-
ponents. At the end of experiment, samples were washed with 
50 mL PBS under circulation for 5 min. The samples were fi xed 
in methanol and dehydrated in ethanol at graduated concentra-
tions. The clot weight gain was determined by subtracting the 
pre-testing graft weight from the post-testing weight.   

 4.7. Implantation Methods 

 We used fi ve Beagle dogs weighing between 8 and 12 kg. 
Before performing the implantation, the health of dogs was 
evaluated by general clinic examination, with blood and serum 
biochemical examination. Activated clotting time (ACT), acti-
vated partial tromboplastin time (APTT), protrombin time (PT), 
fi brinogen concentration were measured with blood coagula-
tion analysis equipment (Wako COAG2V, Japan). Dogs were 
premedicated with meloxicam (0.2 mg kg  − 1  SC), atropine sul-
fate (0.04 mg kg  − 1  SC), butorphanol tartrate (0.2 mg kg  − 1  IV) 
and midazolam hydrochloride (0.2 mg kg  − 1  IV). Induction was 
achieved with propofol (4 mg kg  − 1  IV) after intubation. Gen-
eral anesthesia was maintained with inhalation of isofl urane 
mixed with oxygen. Through midline neck incision, both right 
and left common carotid arteries (CCA) were exposed. Fol-
lowing heparin (100 U kg  − 1  IV Ajinomoto, Japan) administra-
tion, CCA was occluded with non-crushing vascular clamps. A 
2 cm length native vessel was expanded and the double-coated 
SF graft (SF 5%, SF/PGDE of 1:2) with 3 mm inner diameter 
and 3 cm length was implanted with end-to-end bypass ( n   =  5). 
7−0 polyprolene (Premio Peters surgical, Bobigny, France) and 
10–12 interrupted stitch were used for each end of bypass. 
During the operation, ACT was measured every 20 min to pro-
tect acute injury thrombosis because a minimal ACT of 480 s 
was required before onset of bypass surgery. After implantation 
of both bypass grafts was completed and meticulous hemos-
tasis was achieved, the incision was closed in two layers using 
an absorbable suture. Low-molecular heparin (Ajinomoto, 
Japan) and aspirin were administrated as anticoagulant and 
antiplathalet treatment after implantation. 

 During all phases of the present study, dogs were managed 
and cared for in accordance with the standards established by the 
Tokyo University of Agriculture and Technology (TUAT), which 
is described in its “Guide for the care and use of laboratory ani-
mals.” This study was approved by the animal experimental 
committee of TUAT, with an acceptance number of 23–79.   

 4.8. Color Doppler Sonography 

 Pre- and post-operative color doppler sonography was performed 
on all of the dogs on common carotid artery. A color ultrasound 

reservoir was connected to a polyethylene tube followed by the 
graft and then an amount of 120 mmHg hydrostatic pressure 
was applied to the graft. The permeated water through the graft 
wall per minute was collected and calculated in ml min  − 1  cm  − 2 . 
For the longitudinal suture retention test, the sample tube was 
cut to 15 mm length and then the segment was cut to a 15 mm  ×  
5 mm rectangular. The edge of the test specimen was held by a 
clamp and the other was hooked by a loop of nylon suture 
(8−0 size) at 2 mm from the edge. The nylon loop was held and 
pulled by the clamp. The circumferential compressive elastic 
modulus and longitudinal suture retention were tested with ten-
sile testing machine EZ graph (Shimadzu, Japan) in order to eval-
uate graft compliant and strength. For each test, a stress–strain 
curve was drawn using the image analysis software installed 
on the computer. For the circumferential compressive elastic 
modulus, the SF graft was cut into a known length greater than 
10 mm and the outer diameter (OD) was measured before testing. 
The sample was hydrated with a saline solution for 1 h. This 
process is necessary to improve handling during implantation. 
The linear tensile modulus was defi ned by the slope of the stress–
strain curve between 25% and 75% of the peak failure stress.   

 4.5. Compliance Observation 

 Compliance is an especially important property for artifi cial 
graft. This was tested here using segments (3–4 cm in length) 
of tubes with diameter 3 mm. The SF grafts were connected 
to the polyvinyl tubes with a silk suture and a Tefl on tape. The 
syringe pump was connected to the other side of a polyvinyl 
tube. The intra luminal pressure, P, was generated by pressu-
rizing water and measured with a pressure transducer (Key-
ence AP-13S, Japan). With increasing pressure, change in the 
external diameter at the center of the tube,  D , was observed 
using CCD camera (Vixen C10-4M, Japan). The pressures were 
plotted against the ratio of the  D /original diameter ( D  0 ) for 
ePTFE and SF grafts. 

 The diameter compliance percentage of the tube was deter-
mined with the stiffness parameter (  β  ) defi ned by Hayashi 
et al. [  25  ]  according to the following equation:

 In ( (P/Ps) = β D/Ds − 1)   (1)   

where  P, Ps ,  D , and  Ds  denote the intra-luminal pressure, the 
standard pressure (100 mmHg in this study), the external 
diameter, and the diameter at  Ps , respectively. The logarithm of 
the normalized pressure, In( P/Ps ), was plotted as a function of 
the normalized external diameter,  D/Ds.  The   β  -value was deter-
mined as the approximate slope of the plot in the physiologic 
blood pressure range (80–120 mmHg). The diameter compli-
ance ( Cd ) was calculated using the following equation:

 % Cd = (D120 − D80) / (D80(P120 − P80) )× 104   (2)      

 4.6. Acute Thrombogenecity 

 Clot weight gain was evaluated by acute thrombosis deter-
mination with in vitro pig blood circuit methods. In each 
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(Hitachi-Aloka Medical, Ltd., Pro Sound SSD- α 10, Japan) with 
7.5 MHz linear transducer was used to monitor CCA to deter-
mine acute thrombosis and hemodynamic changes, including 
peak systolic velocity (PSV), end-diastolic velocity (EDV), pulse 
index (PI), and resistance index (RI). A minimum dose of pro-
pofol was used for sedation during color doppler sonography 
evaluation. Data were obtained at 5 portions, the proximal CCA 
(Part), proximal anastomosis (PA), mid-graft (MG), distal anas-
tomosis (DA), and distal CCA (Dart).   

 4.9. Histological Analysis 

 After fi xating, vascular grafts were dehydrated in alcohol solu-
tions of increasing concentration, clarifi ed in xylene and 
embedded in paraffi n. Embedded samples were cut 5  μ m 
using a microtome and sections were stained with hematoxylin 
& eosin and Masson’s trichrome. The histological slides were 
observed under an optical microscope (Keyence, Japan). The 
rate of local tolerance was analyzed concerning presence of 
fi brous tissue, fi brin, degenerative phenomena, necrosis, neo-
vessels, calcifi cation, infl ammatory cells, and material degrada-
tion of SF graft.   

 4.10. Statistical Analysis 

 Results of physical property tests were evaluated by one-way 
analysis of variance (ANOVA), followed by Tukey-Kramer post 
hoc tests to evaluate the statistical differences among all sam-
ples. All error bars are standard error ( ± SD). Values of  P   <  0.05 
were considered signifi cant.   
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