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Development of silk vascular graft coated with silk sponge
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Purpose: Changes in diet and lifestyle have increased the number of patients with vascular diseases. Synthetic grafts yield unacceptable
outcomes in very small vessels, such as coronary arteries, causing the exclusive use of native vessels despite their limited availability and
sometimes suboptimal quality. Therefore, a small-diameter vascular graft that achieves outcomes comparable to native vessels is clinically
needed. Methods: In this paper, porous silk fibroin vascular grafts (PSVG) were prepared using a double-raschel knitting machine to create
vascular grafts from silk fibers, followed by coating with a silk sponge using poly(ethylene glycol diglycidyl ether) as a porogen. Gelatin-
sealed polyethylene terephthalate vascular grafts and non-porous silk vascular grafts were prepared as controls. Results: When this PSVG
was implanted into rats, positive results were observed 4 weeks post-implantation. Specifically, endothelial-like cells were confirmed in
the central part of the patent PSVG, indicating that endothelialization had progressed within a relatively short period of 4 weeks. How-
ever, gelatin-sealed polyethylene terephthalate vascular grafts and non-porous silk vascular grafts showed no indication of the presence

of the endothelial-like cells. Conclusions: These results indicate that PSVG is promising as small-diameter grafts for implantation.
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1. Introduction

Changes in diet and lifestyle have increased the
number of patients with vascular diseases, including
arteriosclerosis, which has become a significant issue
in modern society [31]. Surgical intervention with by-
pass grafts may be required in cases of severe vessel
occlusion [10]. Synthetic vascular grafts, such as ex-
panded polytetrafluoroethylene (e-PTFE, also known as
Gore-Tex") or woven/knitted polyethylene terephthalate
(PET, also known as Dacron®) yarn, are predominantly
used for hemodialysis access and larger vessel repairs,
but they provide poor patency for small-diameter appli-
cations (<6 mm) [17]. Synthetic grafts yield unaccept-
able outcomes in very small vessels, such as coronary
arteries, causing the exclusive use of native vessels
despite their limited availability and sometimes subop-
timal quality. Therefore, a small-diameter vascular graft

that achieves outcomes comparable to native vessels is
clinically needed [40].

Different animals, predominantly moth larvae and
spiders, produce silk. The best-known moth silk is
collected from the pupa of the domesticated silkworm
Bombyx mori. The silk is composed of two proteins:
silk fibroin (SF) and silk sericin (SS) [6]. The silk fibers
are inherently tough, making them useful in textile
industries after SS removal [18]. Additionally, the SF
fibers demonstrate excellent biocompatibility, making
them useful as a biomaterial, and have been used in su-
tures in the surgical field for more than 2000 years [19].
Furthermore, the SF fibers can be solubilized in con-
centrate salt solutions, including lithium bromide, lith-
ium thiocyanate, and calcium chloride. Dialysis against
water or buffers is utilized to eliminate the salts after
solubilization in these solvents. Several different forms
from the aqueous solution of SF can be prepared easily,
which is one of the excellent SF properties when they
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are applied as biomaterials [36]. Additionally, SF that
is directly dissolved in organic solvent is prepared in
several different forms [13]. SF films are prepared by
air-drying the aqueous solutions of SF or the SF dis-
solved in organic solvent. SF sponges are prepared from
the SF solution by freeze-drying or adding salt or sugar
particles as porogens. They provide a three-dimensional
porous scaffolding material with a large interior sur-
face area and interconnected pore spaces. Non-woven
mats and fibers are usually fabricated from SF solutions
by electrospinning techniques. Thus, different approaches
and methodologies have been utilized to produce silks
and silk-based materials with adaptable material forms
that target a wide range of applications [1]. These fea-
tures, together with their tunable mechanical properties,
environmental stability, biocompatibility, low immu-
nogenicity, and biodegradability, make SF a promising
biomaterial for small-diameter vascular grafts [34].

Our previous studies confirmed that SF grafts are
efficient vascular grafts implanted in rat models [8].
A small vessel (1.5 mm in diameter and 10 mm in
length) was prepared by repeatedly braiding and winding
the fibers. The tubes were then coated with SF gel and
implanted into the rat’s abdominal aorta. The patency
of SF grafts one year after implantation was significantly
higher than that of e-PTFE grafts utilized as controls
(85.1% vs. 30%, P < 0.01) [8]. Endothelial cells and
smooth muscle cells (SMCs) migrated into the SF graft
early after implantation and organized into endo-
thelial and medial layers, as identified by anti-CD31
or anti-smooth muscle actin immunostaining. The total
number of SMCs increased 1.6-fold from 1 month to
3 months. Additionally, vasa vasorum is formed in the
adventitia. Sirius-red staining demonstrated the signifi-
cantly increased collagen content of SF grafts one year
after implantation, with a decrease in SF content. Thus,
SF may be a promising material for engineering vas-
cular prostheses for small arteries. SF grafts, in par-
ticular, can be utilized as remodeling grafts, which are
never observed with polyester or e-PTFE grafts. Sev-
eral improvements are required from the previous silk
grafts to develop small-diameter SF vascular grafts.
The strength should be increased while maintaining
elasticity, and blood leakage from the graft tube should
be prevented, as well as fraying from the ends of the
graft.

In this paper, SF grafts of 1.5 mm in diameter and
10 mm in length were prepared by combining double-
raschel knitted SF fiber grafts with a coating of SF aque-
ous solution containing poly(ethylene glycol diglycidyl
ether) (PGDE) as a porogen. Min et al. [25], [26]. re-
vealed that porous tubular-type SF sponges prepared
from the SF aqueous solution with the addition of PGDE

as a porogen are flexible and transparent in the hy-
drated state. These sponges demonstrate excellent me-
chanical properties, especially high deformation recov-
ery. PGDE is generally utilized as a cross-linking agent
for polymer syntheses at temperatures of >60 °C, but
it was used as a porogen for the SF sponges in their
experiments at low temperatures. PGDE is completely
removed after immersing the mixed PGDE-SF films
in water for three days [9]. Here, the porous SF vas-
cular graft (PSVG) was formed with a double-raschel
base and SF/PGDE sponge and assessed in vivo. Serious
problems were resolved by the coating process in SF
vascular graft preparation. Further, we prepared gela-
tin-sealed PET vascular graft (PETVG) to mimic the
large and medium-diameter vascular grafts currently
utilized in clinical practice, dried silk on a substrate to
develop non-PSVG (NPSVG) and e-PTFE. The im-
plantation findings were then compared with those of
PSVG.

2. Materials and methods

2.1. Preparation and measurement
of porous SF sponge pore size

2.1.1. Silk aqueous solution preparation

Silk threads obtained from B. mori cocoons were
dissolved with calcium chloride (CaCl,; Wako Pure
Chemical Industries, Japan) to develop an aqueous
solution. The solution was prepared by mixing CaCl,,
H,0, and EtOH in a molar ratio of 1:2:1. Refined silk
fibers were added to this solution to create a 10%
(w/v) mixture, which was then stirred and dissolved in
a water bath at 70 °C for 1 h. The solution was cooled
to room temperature and dialyzed for 3 days with
a dialysis membrane, with water changes twice a day
(morning and night). The solution was centrifuged
at 4 °C, 18000 rpm for 30 min after dialysis to remove
impurities, causing a silk aqueous solution [39]. The
concentration of the solution after dialysis was ap-
proximately 5% (w/v), but it could be concentrated
by air-drying in the dialysis membrane to obtain
a high-concentration silk aqueous solution. Pure water
was added to adjust the concentration for lower-
-concentration solutions. Silk aqueous solutions of
approximately 9, 5 and 3% (w/v) were prepared and
used in the experiments to observe the changes in the
pore size of the silk sponge due to different concen-
trations.
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2.1.2. Preparation of porous SF sponge

The SF aqueous solution was mixed with PGDE
(Sigma—Aldrich, Japan) in weight ratios of SF:PGDE
at 3:1, 2:1, 1:1, 1:2 and 1:3. Each ratio solution was
poured into four wells of a 24-well plate and frozen
overnight at —20 °C. The frozen solid samples were
thawed in pure water and retrieved from the wells, then
soaked in an excess amount of pure water for 3 days
with water changes to remove PGDE [5]. The result-
ing sponges were then air-dried at room temperature.
Sufficient residual PGDE reduction was confirmed
with FT-IR.

2.1.3. Measurement of sponge pore size

The air-exposed (upper) and well-contacting (lower)
surfaces, as well as the cross-sections of the silk sponges,
were observed with a scanning electron microscope
(SEM) (VE-7800; KEYENCE, Japan). The diameters
of 10 randomly selected pores per sample for porous
structures were measured using the measurement soft-
ware attached to the SEM, and the average diameter
was calculated. Data are presented as mean =+ standard
error. Comparison of means was performed using one-
way analysis of variance, followed by the Tukey post-
hoc test. Data analysis was performed using the com-
mercial statistics software package GraphPad Prism
(Version 5.0a, San Diego, CA, USA). Statistical sig-
nificance was defined as P < 0.05.

2.2. Preparation of PSVG

Raw silk fibers with SS were utilized as the starting
materials. Tubes for silk vascular graft with a diameter
of 1.5 mm for in vivo tests and 4 mm for mechanical
property tests were prepared with a computer-controlled
double-raschel knitting machine (Fukui Warp Kitting
Co., Ltd., Fukui, Japan) [8]. These double-raschel knit-
ted silk tubes were then degummed in sodium carbon-
ate (0.1% w/v) and Marseille soap (0.2% w/v) solu-
tions at 95 °C for 120 min to remove SS from the SF
fiber surface. This degumming process was repeated
thrice. A 5% SF aqueous solution was mixed with an
equal weight of PGDE. A PTFE rod with an inner
diameter of 1.5 mm was first inserted into a double
raschel silk fibroin (SF) tube. The rod, now encased in
the SF tube, was placed inside a cylinder containing
a mixed solution of SF and PGDE. The cylinder was
then placed in a desiccator and subjected to reduced
pressure until all air was removed from the tube. Sub-
sequently, the rod with the SF tube was left to stand

overnight at —20 °C. Afterward, it was immersed in an
excess amount of pure water for three days to remove
residual PGDE, with the water being periodically re-
placed. After natural drying, the rod was removed, and
the resulting silk sponge-coated artificial silk graft was
sterilized by autoclaving for use in implantation ex-
periments. The removal of PGDE was confirmed using
attenuated total reflectance Fourier-transform infrared
spectroscopy (AT-FTIR; JASCO) and solid-state NMR
measurements under hydrated conditions. Since the outer
surface of the coated graft was covered with a thin silk
film that blocked the sponge pores, the film was re-
moved using cellophane tape to expose the sponge-
like structure. Mechanical properties were evaluated
using silk sponge-coated artificial silk grafts prepared
by the same method, except with a rod diameter of
4 mm.

2.3. Production of PET vascular graft
and non-PSVG

We confirmed the usefulness of silk as a material
and the effectiveness of porosity as a structure in de-
veloping small-diameter vascular grafts by establish-
ing and comparing them with gelatin-sealed PETVG
to mimic the currently clinically applied large and
medium-diameter vascular grafts [15] and by drying
silk on a substrate to establish NPSVG.

2.3.1. Production of PETVG

A double raschel knit PET tube (Fukui Warp Kitting
Co., Ltd., Fukui, Japan), similar to that used for silk
artificial vascular scaffolds, was employed as the base
material, and low-endotoxin gelatin (NIPPI) was used
for coating. Since PET is hydrophobic and may not be
compatible with the gelatin solution, the base was pre-
soaked in 50% ethanol for 60 min. Gelatin was added
to purified water to a final concentration of 1.5% (W/v)
and completely dissolved at 60 °C. The PET double
raschel, threaded with a 1.5 mm diameter PTFE rod,
was immersed in the gelatin solution. It was then rolled
between two plates to allow the gelatin solution to
permeate between the fibers. The material was immersed
again in the gelatin solution. The sample was then left to
stand at 4 °C for several hrs to allow the gelatin to gel.
Subsequently, it was immersed in a 10% aqueous
glutaraldehyde solution (Wako Pure Chemical Indus-
tries) for 60 min. to crosslink the gelatin. To remove
the glutaraldehyde, the sample was soaked in 70%
ethanol for 30 min, then dried and sterilized by auto-
claving.
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2.3.2. NPSVG production

We utilized an aqueous solution prepared by adding
approximately 5% (v/v) glycerin (Wako Pure Chemical
Industries, Japan) to approximately 7% (w/v) silk aque-
ous solution for the coating. The silk double-raschel,
which was threaded through a PTFE rod with an outer
diameter of 1.5 mm, was soaked in the silk solution
and rolled between two plates to allow the solution to
penetrate the fibers, then dried. This soaking process
in the solution and drying was repeated several dozen
times to develop a tubular structure of non-porous
material. Finally, the structure was sterilized by auto-
claving.

2.4. Physical properties

2.4.1. Permeability

The permeabilities of PSVG and PETVG were
determined following ISO7198. Both gelatin-sealed
and non-sealed PETVG samples were used for PETVG.
A water reservoir was connected to a polyethylene tube,
followed by the grafts. The water reservoir was de-
signed to apply a hydrostatic pressure of approximately
120 mmHg to the grafts. The water, permeating
through the graft walls, was collected and measured
in ml/min/cm”. A comparison of means was performed
with a one-way analysis of variance, followed by the
Tukey post-hoc test. Mechanical property data analysis
was conducted with the commercial statistics software
package GraphPad Prism (Version 5.0a, San Diego, CA,
USA). P-values of <0.05 indicated statistical signifi-
cance.

2.4.2. Porosity

Porosities of the PSVG and both gelatin-sealed and
non-sealed PETVG samples were measured with the
liquid displacement method. The scaffold was immersed
in a known volume (7)) of hexane in a graduated cyl-
inder, which was then vacuumed at a 500-hPa vacuum
degree for 10 min. V; is the total volume of hexane and
the hexane-impregnated scaffold. The hexane-impreg-
nated scaffold was then removed from the cylinder, and
the residual hexane volume was recorded as V3. The
total scaffold volume was calculated as (V' = (V, — V)
+ (V1 — V3) = V, — V3). Here, (V, — V) represents the
tubular scaffold volume and (¥, — V3) denotes the hex-
ane volume within the scaffold. The porosity of the scaf-
fold (¢) was obtained with the formula (%) = (V, — V3)/
(V2 - Vl) % 100.

2.4.3. Suture retention strength

The suture retention strength of PSVG was meas-
ured as follows. A nylon 7-0 suture (50-69 pum: k-shira-
kawa.com, Japan) of PSVG was passed through the
graft at a position 2 mm from one end, whereas the
other end was fixed to the lower part of a tensile test-
ing machine. The suture was then pulled upward at
a 3-mm/min initial speed until the graft tore and the
suture detached. The suture retention strength involved
the force at this point. The testing machine utilized
was an EZ-graph (Shimadzu. co., Japan) with a 100-N
load cell.

2.4.4. Compressive strength

An EZ-graph (Shimadzu. co., Japan) with a 5-N load
cell was used for determining the compressive strength
of PSVG. The measurement was conducted at a com-
pression speed of 2 mm/min. Samples, cut to a 1-cm
length, were placed on the testing machine and com-
pressed along the short-axis. The test force is the force
applied during compression. The elastic modulus at 25%
compression of the diameter (N/mm?) and the com-
pressive strength at 10% compression of the diameter
(N/10%) were calculated with the analysis software
TRAPEZIUM (Shimadzu. co., Japan).

2.5. In vivo experiments
with rats

Female Sprague—Dawley rats weighing 400-500 g
were utilized. All rats were housed in cages with a 12-h
light/dark cycle. Tokyo University of Agriculture and
Technology approved all experimental procedures and
protocols (TUAT: Approval number: 23—84), and rats
were managed and cared for under the standards es-
tablished by TUAT and described in its “Guide for the
Care and Use of Laboratory Animals.” A PSVG (10 mm
long and 1.5 mm inner diameter) was implanted into the
rat abdominal aorta, with a diameter of approximately
1.5 mm. Rats were anesthetized by intraperitoneal injec-
tion of pentobarbital (50 mg/kg of body weight). The
abdominal aorta was exposed, and the aortic branches
in this segment were ligated. The proximal and distal
portions of the infrarenal aorta were clamped after an
intravenous heparin (100 IU/kg) injection. A 10-mm
segment of the aorta was removed and replaced by
a graft through end-to-end anastomosis with interrupted
9-0 monofilament nylon sutures (Bear Medic Co.,
Japan), starting with two stay sutures at 180° to each
other, then suturing the front wall, followed by the back
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wall. Each anastomosis needed 8—10 stitches. The distal,
and then proximal vascular clamps, were slowly re-
moved, and flow was restored through the graft. Addi-
tionally, NPSVG, PETVG and e-PTFE were implanted
for control.

2.6. Histologic and immunohistologic
examination

The rats underwent a general physical examination
to assess their condition before euthanasia. The rats were
perfused with 0.9% saline solution through the left ven-
tricle at the time of death. The grafts, along with the
surrounding tissue, were carefully removed, cut trans-
versely at the midline into two pieces, and fixed in
methanol for histologic analyses. The methanol-fixed
samples were then embedded in paraffin. Paraffin-em-
bedded longitudinal sections (4 um thick) were proc-
essed for hematoxylin and eosin (HE), Masson tri-
chrome (MTC), and endothelial cell (CD31) staining
for PSVG. The sections were incubated with primary
antibodies against purified mouse anti-rat CD31 (BD
biosciences, Inc., Japan) followed by incubation with
biotinylated anti-mouse immunoglobulin (Ig) G secon-
dary antibody. The avidin—biotin complex technique and
diaminobenzidine (DAB) substrate were subsequently
utilized. Nuclei were counterstained with hematoxylin.
Only HE staining was processed for NPSVG, PETVG
and e-PTFE.

2.6.1. HE staining

HE staining, a commonly used method, was per-
formed to observe the attachment and infiltration of
tissue into the grafts to understand the overall tissue
structure. The slide glass with the thin-sectioned sam-
ple was placed at 60 °C for 1 h to dissolve the paraftin.
The paraffin was then completely removed by immers-
ing the sample in xylene for 3 min, thrice. Additionally,
it was immersed in methanol for a few seconds, thrice.
After washing with running water for 1 min, the sam-
ple was placed in Mayer’s hematoxylin solution and
shaken for 15 min, followed by washing with running
water for 10 min. It was then immersed in methanol
once, then in eosin solution, and shaken for 6 min.
Afterwards, it was immersed in methanol for a few
seconds, 4 times for differentiation, and then im-
mersed in xylene for a few seconds, thrice for clear-
ing. The sample was then mounted with a mounting
medium and cover glass and dried to prepare the
sample slide.

2.6.2. MTC staining

MTC staining is a method that differentiates fibers,
including collagen and reticular fibers in blue, nuclei in
black-purple, and cytoplasm in light red. The process
up to tissue fixation, paraffin embedding, sectioning,
and deparaffinization is conducted similarly to other
staining methods such as HE staining. The slides with
the sections are immersed in a mordant solution and
left on a shaker for 30—60 min after deparaffinization
and washing of the sections with running water, and
then washed with running water for 1 min. The sections
are then transferred to Weigert’s iron hematoxylin so-
lution and left to stand for 3 min, followed by washing
with running water for 1 min and differentiation in 0.1%
hydrochloric acid methanol for a few seconds. The sec-
tions are immersed in a mordant solution for 45 s after
washing with running water for 5 min, and then by
another 1 min, and washed with running water. The sec-
tions are then immersed in Orange G solution for 5 min,
differentiated by immersing in 1% acetic acid water for
a few seconds twice, and transferred to Ponceau xylidine
acid fuchsin solution, where they are left on a shaker for
3 h. The sections are differentiated by immersing them
in 1% acetic acid water for a few seconds twice, then
placing them in 2.5% phosphotungstic acid solution
and left on a shaker for 2 min. The sections are im-
mersed in aniline blue for 10-20 s after differentiation
by immersing in 1% acetic acid water for a few sec-
onds twice, and then by differentiation by immersing
in 1% acetic acid water for a few seconds twice. The
sections are then dehydrated and cleared by immersing
in methanol and xylene for a few seconds, thrice each,
and finally mounted with a cover glass and mounting
medium.

2.6.3. Endothelial cell staining

The process up to deparaffinization is similar to the
previously described staining methods. The slide glass
was washed with distilled water for 1 min, twice, after
deparaffinization and alcohol replacement. Sections
were again washed with phosphate-buffered saline
(PBS) for 1 min, twice. The slide glass was placed in
a moist chamber, and the blocking reagent (10% nor-
mal goat serum) was dropped onto the tissue sections,
covered with parafilm, and left at room temperature
for 10 min. A 50 pL of mouse anti-rat CD31 antibody
diluted with PBS was dropped onto each section as
the primary antibody, covered with parafilm, and left
at 4 °C overnight after removing the blocking reagent.
Sections were washed with PBS for 1 min, twice,
then the secondary antibody (biotin-labeled anti-mouse
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IgG) was dropped, covered with parafilm, and left
at room temperature for 10 min. Sections were again
washed with PBS, and then peroxidase-labeled strep-
tavidin was dropped, covered with parafilm, and left
at room temperature for 10 min. All reagents utilized
after the blocking reagent are from a kit (NICHIREI
BIOSCIENCES, Japan). After washing with PBS
for 1 min, twice, the DAB reagent (NICHIREI
BIOSCIENCES, Japan) was dropped and left at room
temperature for several minutes while checking the
color development under a microscope. Once staining
was confirmed, the color development was stopped
with distilled water, immersed in hematoxylin solution
for a few seconds, and washed with running water
for 2 min. Sections were dehydrated, cleared, and
mounted.

3. Results

3.1. Porous SF sponge
and preparation of PSVG

In Figure la, the macroscopic view of porous SF
sponges formed after mixing with PGDE in weight
ratios of SF:PGDE at 3:1, 2:1, 1:1, 1:2 and 1:3, in both
wet and dry states is illustrates. The FT-IR spectra of

T. TANAKA, T. ASAKURA

these silk sponges mixed with PGDE before and after
washing together with only SF are shown in Fig 1b.
The IR peaks at 1096.3 and 853.3 cm ', which char-
acterize the peaks of the epoxy ring, disappeared due
to the washing process with water. Thus, PGDE was
removed completely after washing, leaving a scaffold
material composed of SF. All samples of the mixture
of 1% SF and PGDE appear uniform in a wet state but
become hard and do not form a sponge-like structure
when dried. Furthermore, the samples with 5% SF and
PGDE mixed at ratios of 1:3 and 1:2 as well as the
samples with 9% SF and PGDE mixed at a ratio of 1:3
also become hard and do not form a sponge-like struc-
ture when dried. The SEM images of the produced
sponges are illustrated in Fig. 2a, and the pore sizes
measured from these images along with the histograms
are listed in Table 1 (Fig. 2b). The pore size measure-
ment results indicated that higher SF concentrations
and greater PGDE proportions caused smaller pore
sizes. A PSVG could be produced by coating with an
SF sponge made according to this method of producing
a porous SF sponge (Fig. 3a). However, the outer sur-
face of the PSVG, which was in contact with the tube
during preparation, does not form a porous structure
as presented in the SEM image of Fig. 3b. Therefore,
the graft was naturally dried after gently washing the
graft to prevent significant structural changes, and
then only the surface was peeled off using cellophane
tape (Fig. 3c). The SEM images of (Fig. 3d) cross-
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Fig. 1. Macroscopic views of silk fibroin (SF) porous sponges prepared with varying silk concentrations — 1 w/v% (A, D),
5 w/v% (B, E) and 9 w/v%. (C, F) — using poly(ethylene glycol diglycidyl ether) (PGDE) as a porogen.
The numbers shown below each image indicate the weight ratio of SF to PGDE.
Panels A, B, and C show the wet sponges, while panels D, E, and F show the dried sponges.
FT-IR spectra of SF/PDFE sponges are presented before washing (SF; PGDE),
after washing (SF; PGDE washed), and for pure SF
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Weight ratio of SF to PGDE

The concentration of silk fibroin solution
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Fig. 2. (a) SEM images of poly(ethylene glycol diglycidyl ether) (PGDE)/silk fibroin (SF) sponge cross-sections,
showing the weight ratio of SF to PGDE, (b) histograms of the pore size distribution in SF/PGDE sponges

Fig. 3. (a) Macroscopic view of porous silk vascular graft (PSVG) and SEM images of (b) the outer surface immediately
after fabrication, (c) the outer surface after peeling off the surface with cellophane tape,
(d) the graft cross-section, and (e) the graft inner surface

Table 1. Pore sizes of poly(ethylene glycol diglycidyl ether)(PGDE)/silk fibroin (SF) sponges. Mean + SD

173 1/2 1 2 3

Weight ratio of PGDE to SF -
Pore size [um]

4454109 353+10.5 249+ 10.0 204+72 /
SF (w/v%)

5 71.4£34.8 54.9 £26.1 30.3£10.5 / /
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-section and (Fig. 3e) inner surface of the PSVG in-
deed show that a porous vascular graft has been es-
tablished.

3.2. Physical properties

In Figure 4a, the results of the permeability ex-
periment are illustrated. PSVG demonstrated an ex-
tremely small amount of permeability (62.7 + 30.3 mL/
cm’/min) compared to the unshielded vascular grafts (387
+ 145 mL/cm*min). PSVG permeability was equivalent
to that of the gelatin-shielded PETVG (51.7 £ 4.22 mL/
cm’/min). PSVG porosity (82.4 + 8.41%) was slightly
higher than that of gelatin-shielded PETVG (80.6%
+ 8.22%) (Fig. 4b). The suture retention strength test was
conducted to assess the presence of any issues with
operability during surgery or vascular graft separation
postoperatively. The results (Fig. 4c) revealed that
PSVG had suture retention strength (3.52 = 0.91N)
equivalent to that of native blood vessels (3.0 = 0.2 N).
The progression of the compressive strength during
PSVG compression when compressed to 3 mm is illus-
trated in Fig. 4d. The elastic modulus at 25% compres-
sion of PSVG was 19.9 x 107 £ 4.56 x 10° N/mm’
and compressive strength at 10% compression was
7.70 x 10 °£5.93 x 10° N,

3.3. In vivo assessment of porous
small-diameter silk vascular grafts

The results of the physical property tests indicated
that the newly fabricated grafts could withstand in
vivo experiments, and implantation experiments were
conducted on the abdominal aorta of rats (Fig. 5). No
difference was observed among the grafts in terms of
the ease of handling and resistance to suture. PSVG
demonstrated blood soaking into the graft wall and
turning it red immediately after clip removal post-
implantation due to its sponge-like structure, but no
excessive blood leakage was observed, and blood flow
was resumed. The patency rates of each graft at four
weeks post-implantation were PSVG of 3/4 (75%),
NPSVG of 0/4 (0%), PETVG of 0/4 (0%) and e-PTFE
of 0/1 (0%). Stained images of NPSVG, PETVG,
PSVG and e-PTFE are illustrated in Fig. 6. Spaces in
the tissue within the lumen that appeared to be traces
of blood flow were observed in the NPSVG, and the
lumen of the autologous vessel distal to the heart re-
mained, indicating the presence of a small amount of
blood flow. However, a consistent lumen was not
present, and it was expected to become completely
occluded soon; thus, it was not considered patent. The
presence of macrophages and multinucleated giant
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Fig. 4. (a) Permeability, (b) porosity of porous silk vascular graft (PSVG)
and gelatin-sealed and non-sealed polyethylene terephthalate (PET) grafts,
(c) suture retention strength of PSVG and native vessels. P* < 0.05, P** <0.01,
(d) the progression of compressive strength (N) of the PSVG when compressed to 3 mm
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cells, especially for PETVG (Fig. 6¢e). Conversely, in
PSVG, there are fewer multinucleated giant cells com-
pared to other materials (Fig. 6f). The SF sponge had
almost completely lost its structural integrity and was
nearly filled with infiltrating cells. Additionally, vas-

cularization was observed in the SF sponge as part of
tissue ingrowth. The lumen of the PSVG graft and the
anastomosis sites with the native abdominal artery were
smooth after four weeks, with no thrombus or intimal
hyperplasia observed. Images of the MTC stains of lon-

Fig. 5. Immediately after graft implantation and reperfusion of three graft types:
(a) non-porous silk fibroin vascular grafts (NPSVG), (b) gelatin-sealed vascular grafts (PETVG
c) e-PTFE and (d) porous silk vascular grafts (PSVG). White arrows denote the anastomosis sites
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Fig. 6. HE stains of longitudinal thin sections of four graft types: (a) non-porous silk fibroin vascular grafts (NPSVG),
(b) gelatin-sealed vascular graft (PETVG), (c) e-PTFE and (d) porous silk vascular graft (PSVG).
Black arrows denote the anastomosis sites. Each P and D on the images indicates proximal and distal sides, respectively.
Expanded HE stains of (e) gelatin-sealed polyethylene terephthalate vascular graft (PETVG)
and (f) porous silk vascular graft (PSVG). The white arrow represents the multinucleated giant cells
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Fig. 7. MTC stains of the longitudinal section of (a) porous silk vascular graft (PSVG)
and (b) high magnification image of the middle portion. Each P and D on the images
indicates proximal and distal sides, respectively. The endothelial cell layer of the lumen surface
of PSVG was stained with an anti-CD31 antibody. The image of PSVG (c) longitudinal section,
and (d) high magnification image of the middle portion was presented.
Arrows represent the lining endothelial cell layer

gitudinal histological sections of the PSVG are illustrated
in Figs. 7a, b. The abdominal implanted SF graft was
filled with organized native collagen layers. SF sponge
had entirely lost structural integrity and was filled with
collagen tissue and penetrated cells. The endothelial
cell layer on the PSVG lumen surface was stained with
anti-CD31 antibody (Fig. 7c). The endothelial cells
fully covered even the center of the PSVG four weeks
after implantation in the expanded spectrum (Fig. 7d).

4. Discussion

All samples of the mixture of SF and PGDE appear
uniform in a wet state but became hard and did not
form a sponge-like structure when dried. The overview
of these insufficient samples made them unsuitable for
producing porous vascular grafts. However, the sam-
ples with 5% and 9% SF and PGDE mixed at ratios of
above 1:1 appeared uniform in a dry state. The pore size
measurement results indicated that higher SF concen-
trations and greater PGDE proportions caused smaller
pore sizes. An additional air-drying process of SF
aqueous solution is required to obtain a 9% (w/v) solu-
tion. A 5% SF: PGDE of 1:1 solution for sponge pro-
duction was selected based on these results. The pore
size of the coated SF sponge was approximately 30 pm

which is expected to be suitable for endothelial cell ad-
hesion and proliferation [27].

PETVG without gelatin shielding requires a pre-
clotting process to prevent blood leakage by coagulating
blood on the graft wall before transplantation. The re-
sults of the permeability experiment indicate a low risk
of blood leakage of PSVG during use. Additionally,
porosity, which measures the degree of voids in the
wall to assess the ease of cell and tissue infiltration into
the graft, was also measured. The porosity of scaffold
materials is considered crucial for cell adhesion and
tissue infiltration after transplantation, and porosity was
measured as an indicator of this degree. Many reports
mistakenly equate porosity with permeability in this
experiment. However, porosity refers to the void fraction
the proportion of void space within the total volume of
the scaffold material and is distinct from permeability.
The lowest porosity was found in non-shielded PETVG,
not because they exhibited fewer voids, but because the
unprocessed material demonstrated larger gaps, pre-
venting hexane from being retained within the graft wall.
These results indicate that PSVG is filled with a sponge,
but its tissue infiltration is comparable to or better than
that of commercially available vascular grafts. Vascular
graft implantation is generally performed with suturing
needles and threads, thus, the surgery itself becomes
difficult if the vascular graft is prone to fraying or
tearing. Additionally, until the tissue supports the graft
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through the process of the organization after implan-
tation, a risk that the anastomosis site may tear due to
blood pressure exists. Therefore, in this study, we meas-
ured the strength of PSVG, established with threads of
the same material and thickness as those utilized in ac-
tual surgeries, to hold the suturing threads. The PSVG
had suture retention strength indicating a minimal risk
of separation due to unraveling during surgery or tear-
ing at the suture site due to blood pressure postopera-
tively. In particular, the risk of SF grafts fraying from
the ends because of oblique or longitudinal cutting has
been prevented. The flexibility of vascular grafts is
considered crucial for operability during implantation
surgery and for adapting to the pulsatile environment
after implantation. Therefore, we conducted a com-
pression test in the short-axis direction as one of the
flexibility indicators of the fabricated vascular grafts.
The compressive strength of the PSVG at 10% com-
pression was remarkably smaller than that of e-PTFE
(0.668 £ 0.27 N/10%) [12]. In addition, the pressure—
diameter curve of the PSVG was a typical J-type pat-
tern. This pattern is comparable to that of the native
artery. Thus, the SF sponge will provide softness to the
graft.

The result of the patency rates of each graft indi-
cates that, despite creating an artificial vascular graft
with SF, which has anti-thrombogenic and biocompati-
ble properties [36], thrombus formation may occur if
the artificial vascular graft is not porous. Leakage can
be prevented when blood flow is resumed by com-
pletely sealing the coated area. However, the hardness
of the coated area may have caused thrombus forma-
tion caused by a mismatch in compliance with the na-
tive blood vessel [4], [7], [15]. Additionally, the coat-
ing that was not easily degraded caused the occlusion,
thereby preventing the infiltration of self-tissue after
implantation, and hindering the remodeling ability of
SF. The graft wall in PETVG was very hard and fell off
without being sectioned, causing the graft wall to be
absent in the staining results and no stained cells were
observed in the detached parts. The gelatin coating de-
composed slowly after implantation, thereby preventing
sufficient infiltration of inflammatory cells. This caused
the collagen fibers to not infiltrate into the gaps in the
base of the artificial vascular graft, which may have
caused the base to fall off during staining. Gelatin is
a collagen derivative and is biocompatible, hydrophilic
and biodegradable [40]. Additionally, gelatin contains
a large amount of integrin binding sites, which helps
in cell adhesion, migration, and differentiation after
implantation [37]. Therefore, the RETVG prepared in
this study became occluded after implantation although
it is an effective coating material [33]. The polyester

base was unable to completely prevent thrombus for-
mation until the inner surface of the artificial vascular
graft was covered by vascular endothelial cells after
implantation, as the coating material slowly and gradu-
ally decomposed after implantation and the base
became exposed [11], [20], [32]. Conversely, PSVG
demonstrated a relatively high patency rate compared to
others. SF fibers, films, powder, or regenerated sub-
strates degrade due to hydrolytic enzymes such as pro-
tease and chymotrypsin, which triggers an inflammatory
response [14], [21], [24], [38].

Macrophages surround a large, difficult-to-process
substance, when present, and fuse to form multinucleated
giant cells as shown in the PETVG. Conversely, in
PSVG@G, there were fewer multinucleated giant cells
compared to PETVG, and decomposition was more
advanced. These results suggest that remodeling into
autologous tissue proceeded more quickly in PSVG. In
this study, degradation and remodeling of PSVG were
evaluated qualitatively based on histological observa-
tions. Although Sirius Red staining and quantitative
collagen assays were not performed, the observed par-
tial degradation and cellular infiltration after 4 weeks are
consistent with the early remodeling phase described by
Enomoto et al. [8], in which collagen deposition gradu-
ally increased with a decrease in SF content after
long-term implantation. The SF in the coating area
became porous by mixing SF with PGDE in a 1:1 ratio.
This was thought to facilitate inflammatory cell infil-
tration into the interior of the vascular graft after im-
plantation, which promotes coating degradation. The
infiltration of collagen fibers promotes the endotheli-
alization of vascular grafts [28], thus, the usefulness
of SF + PGDE mixed coating for small-diameter arti-
ficial vascular grafts has been demonstrated. A previ-
ous study revealed that endothelial cell coverage on
the luminal surface of the SF graft was 30%—40% at
2 weeks and nearly 100% at 8 weeks [22]. Neointima
formation in implanted artificial vascular grafts may
be caused by extension from the anastomosis, capil-
lary origin passing through gaps between the fibers of
the graft, and endothelialization due to vascular en-
dothelial progenitor cell adhesion in the circulating
blood [29], [23]. In any case, vascular endothelial cells
were confirmed in the center of the artificial vascular
graft, where it may take the longest time for the endo-
thelium to adhere. The progress after implantation was
only observed for up to 4 weeks, but vascular endothe-
lial cells prevent blood vessel lumen narrowing caused
by blood clotting and excessive proliferation of SMCs
[35], thus, it was thought that intimal hyperplasia would
not occur even if the implantation period was extended.
Therefore, PSVG is expected to maintain high patency
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for a long period after implantation. Several studies have
mainly aimed to modify small-diameter vascular grafts
through physical, chemical, and biological means to
ease early endothelial cell adhesion, migration, and pro-
liferation, and eventually to build an endothelial layer on
the surfaces [16]. However, some tissue-engineered
vascular graft design strategies have demonstrated
greater potential in contrast to autologous or synthetic
e-PTFE conduits, but many are still hindered by high
production costs which prevent their widespread adop-
tion [30]. The small-diameter artificial vascular graft
developed in this study did not require complicated
manufacturing processes, such as decellularization, pep-
tide modification, tissue culture, and rapid endotheliali-
zation of the graft, which was successfully achieved by
applying a porous SF coating. Rapid endothelialization
within the lumen site of the graft (generally within
3 months for the grafts that are approximately 1 cm in
length) is crucial for implanted graft healing and inte-
gration because it stops thrombosis and restenosis [2].
Al Fahad, et al. [3] designed a novel biocompatible,
hemocompatible, and mechanically strong bi-layered
small-diameter vascular graft. The harvested grafts dem-
onstrated SMC regeneration and complete endotheliali-
zation on the graft lumen after 3 months. However,
endothelialization was incomplete in some areas after
1 month. In conclusion, an affordable, easily reproduci-
ble, and biocompatible system is a potential candidate
for small-diameter vascular graft reconstruction and
repair.

5. Conclusions

A silk sponge favorable for endothelial cell migra-
tion was created after freezing a sample mixed at a 1:1
ratio of 5% silk aqueous solution and PGDE and then
removing the PGDE. A PSVG was produced by coat-
ing the silk vascular graft made using a double-raschel
knitting machine with the same silk sponge under similar
conditions. Good results were obtained at 4 weeks post-
-implantation when this PSVG was implanted into rats.
Namely, no significant stenosis was found even at the
anastomosis site, and the intima of the same thickness
as the autologous vessel continued to the inner wall of
the graft. MTC staining results of the PSVG indicated
that fibrous tissue infiltrated the graft wall, thereby
promoting extracellular matrix-like structure formation.
Additionally, the presence of endothelial-like cells was
confirmed in the central part of the patent PSVG, in-
dicating that endothelialization had progressed within
a relatively short period of 4 weeks. Conversely,

PETVG mimicking the gelatin-sealed PETVG currently
used clinically for large and medium-diameter sites, e-
PTFE and non-PSVGs, all became occluded at 4 weeks
post-implantation in rats. These results indicate that
PSVG is promising as small-diameter grafts for im-
plantation.
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