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Abstract: Silk fibroin (SF) is a suitable material for vascular prostheses for small arteries. SF is useful
not only as a base material for artificial vascular grafts but also as a coating material. This study
prepared three types of transgenic SF (vascular endothelial growth factor (VEGF), Arg-Glu-Asp-Val
(REDV), and Tyr-Ile-Gly-Ser-Arg (YIGSR)) incorporating expression factors that are thought to be
effective for endothelialization as coating materials. We compared the contribution of these materials
to early endothelialization in vivo when using them as a porous transgenic SF coating. A porous
coating of transgenic SF containing VEGF, REDV, and YIGSR was applied to a silk small-diameter
artificial vascular graft base with a diameter of 1.5 mm and a length of 3 cm. Two and four weeks
after implantation of these artificial grafts into the abdominal aorta of rats, they were removed
and evaluated by histologic examination. Transgenic SF coating incorporating VEGF and REDV
demonstrated higher tissue infiltration and continuous endothelialization in the center of the graft
compared to YIGSR at 4 weeks after implantation. VEGF and REDV are capable of endothelialization
as early as 4 weeks after implantation, confirming the usefulness of transgenic SF when used as a
porous coating.

Keywords: silk fibroin; small-diameter artificial vascular graft; vascular endothelial growth factor;
REDV; YIGSR

1. Introduction

Cardiovascular disease-related deaths occur in 17.3 million people globally each
year, accounting for 30% of all deaths worldwide, with a predicted annual incidence of
deaths to reach 23.3 million globally by 2030 [1]. Effective treatment for these diseases
included replacement surgery using autologous blood vessels or artificial vascular grafts.
Polyethylene terephthalate (PET) and expanded polytetrafluoroethylene (ePTFE) are widely
applied clinically in large-diameter arteries (>10 mm), such as the thoracoabdominal aorta,
and medium-diameter arteries (>6 mm), such as the neck and axillary regions. However,
these materials obstruct due to intimal hyperplasia and thrombus when applied to small
diameters (<6 mm) such as lower extremities and coronary arteries [2,3]. Replacement
surgery using ePTFE has a low patency rate of 20% after 5 years [4]. Hence, autologous
blood vessels can be used instead, but, at present, restrictions remain, such as the poor
quality of the donor patient’s blood vessels, the invasiveness of the resection surgery, and
postoperative movement restrictions [5–7]. Therefore, the development of small-diameter
artificial vascular grafts that do not occlude is desired.
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Small-diameter artificial vascular grafts must meet various requirements to maintain
long-term functionality. Thus, biocompatibility with surrounding tissues and adjacent au-
tologous blood vessels should be obtained to not induce thrombosis, as well as appropriate
mechanical strength and elasticity to withstand systolic blood pressure. We have been
conducting studies for development toward clinical application because silk fibroin (SF)
has the above properties and is considered a suitable material for small-diameter artificial
vascular grafts. Previous studies revealed that artificial vascular grafts with silk fibroin as a
base maintained patency in the abdominal aorta of rats for over one year after implantation
and that the patency rate was higher than that of artificial vascular grafts using ePTFE.
Additionally, graft remodeling due to biodegradation, which is one of the characteristics of
SF, was confirmed [8]. The usefulness of SF in artificial vascular grafts is not limited to its
use as a base. The small-diameter artificial vascular graft with SF coating applied to the
SF base not only prevents blood leakage but also contributes to remodeling [9]. However,
15–30% of vessels after coronary artery bypass surgery are occluded in the first year after
autologous vein implantation, and half of them are occluded in the first month [10]. There-
fore, endothelialization at an early stage after implantation is desirable for practical use.
This study aimed for early tissue infiltration and endothelialization by using genetically
modified silk fibroin, in which a factor that promotes cell adhesion was introduced into the
SF used for coating.

Vascular endothelial growth factor (VEGF) promotes vascular endothelial cell prolifer-
ation and induces angiogenesis [11]. In addition, platelet-derived growth factor (PDGF)
inhibition suppressing excessive vascular smooth muscle cell proliferation, thereby sup-
pressing intimal hyperplasia [12]. VEGF is used in medical materials such as stents and
artificial vascular grafts because of these properties [13,14]. Fibronectin is a glycoprotein
that forms the extracellular matrix, and Arg-Glu-Asp-Val (REDV), which is one of the
active sites of cell adhesion, specifically recognizes integrin α4β1 expressed in vascular
endothelial cells and vascular endothelial progenitor cells [15]. Endothelialization was
observed 1 week after implantation into pigs when the luminal surface of decellularized
ostrich carotid arteries was modified with REDV, indicating that REDV is expected to
induce early endothelialization of small-diameter artificial vascular grafts [16]. Laminin
is one of the glycoproteins that constitute the basement membrane and has the function
of enhancing cell adhesion and proliferation to substrates. Multiple peptide sequences
have been identified as the active site of cell adhesion, one of which is Tyr-Ile-Gly-Ser-Arg
(YIGSR) [17]. YIGSR adheres to various epithelial cells with laminin receptors. SF, in which
YIGSR is introduced into the H chain, has been confirmed to have a higher cell adhesion ac-
tivity and longer cell migration distance for vascular endothelial cells and vascular smooth
muscle cells than normal-type SF. Additionally, the elongation of endothelial cells was
promoted in an experiment in which a small-diameter silk artificial vascular graft made
of SF containing YIGSR was implanted into the abdominal aorta of rats [18]. Due to their
relatively low cost, good stability, and ease of synthesis, these peptides have been used and
many studied as an effective strategy for functionalizing graft materials [19].

Transgenic SF (TGSF), into which the three types of peptide sequences described
above are introduced, is expected to have desirable properties for small-diameter artificial
vascular grafts. This study, as an effort toward clinical application, evaluated the in vivo
reaction early after implantation when using genetically modified SF introduced with three
types of peptide sequences as a coating and examined its effectiveness.

2. Materials and Methods
2.1. Preparation of Small-Diameter Artificial Vascular Graft Made of Three Types of TGSF Graft

The TGSF graft was prepared using the same method as Saotome et al. [20]. TGSF
was obtained from silkworms injected with vectors containing VEGF, REDV, and YIGSR
sequences [21]. A small-diameter artificial vascular graft with a diameter of 1.5 mm and a
length of 30 mm was fabricated using normal-type SF by double-raschel knitting using a
machine (HDR16-EL) manufactured by Fukui Warp Knitting Co., Ltd. (Fukui, Japan). Then,
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a 2.5% (w/v) solution of each of VEGF-, REDV-, and YIGSR-introduced TGSF was mixed
with an equal weight of glycelin to prepare a solution. The vascular graft base prepared
by the double-raschel knitting described above was immersed in the solution for 30 min
to allow it to permeate the entire surface. This base was passed through a vinyl chloride
rod (1.5 mm), placed under reduced pressure (0.005 MPa) to prevent air from entering
the base, and frozen overnight at −20 ◦C. Afterward, it was thawed in water for 3 days,
glycelin was removed, and autoclave sterilization (120 ◦C, 20 min) was performed. Glycelin
removal was confirmed using ATR-FTIR (FT/IR-4100, JASCO, Tokyo, Japan) after drying
the artificial vascular graft.

2.2. Animals

This in vivo study used 36 Sprague-Dawley rats (Charles Laboratories, Yokohama,
Japan). All experimental procedures and protocols were approved by the Tokyo University
of Agriculture and Technology (TUAT; approval No. 30–94). The rats were managed and
cared for following the standards established by the TUAT and described in its “Guide for
the Care and Use of Laboratory Animals”.

2.3. TGSF Implantation in Rats

Three types of TGSF grafts (length: 30 mm, inner diameter: 1.5 mm) were implanted
into the abdominal aorta of 36 rats under a stereoscopic microscope (LEICA M60; Leica Mi-
crosystems, Tokyo, Japan) [22]. Each TGSF was implanted in 12 rats and was removed from
6 rats 2 weeks after implantation and from the remaining 6 rats 4 weeks after implantation.
The rats were anesthetized with intraperitoneal pentobarbital (50 mg/kg of body weight).
The abdominal aorta was carefully exposed, and the aortic branches in this segment were
ligated. The aorta was removed and replaced with grafts with an end-to-end anastomosis
using 9–0 monofilament nylon sutures (Bear Medic Corporation, Tokyo, Japan). The distal
and, subsequently, the proximal vascular clamps were slowly removed, and flow was
restored through the grafts.

2.4. Histopathological Examination

The rats were anesthetized, and the diaphragm was cut open to secure the visual field
after the implantation period had elapsed. After cutting the posterior vena cava, 0.9% saline
solution was immediately injected from the left ventricle for perfusion. The grafts were
carefully removed together with the surrounding tissue. The central part of the graft was cut
longitudinally (approximately 10 mm) and cut 4 mm transversely toward the cranial and
caudal side from the central part. The sutured parts of the remaining native blood vessel
and artificial vascular graft were cut transversely (6 mm each). Ethanol was used to fix
these samples for histological examination. Fixed samples were embedded in paraffin and
stained with hematoxylin and eosin (HE) and Sirius red. Sections for immunohistochemical
staining were incubated with primary antibodies, including α-smooth muscle actin (α-
SMA: clone1A4; Sigma-Aldrich Inc., St. Louis, MO, USA) and CD31 anti-rat antibody
(BD Biosciences Inc., San Jose, CA, USA). N-Histofine Simple Stain Rat MAX-PO (Nichirei
Biosciences Inc., Tokyo, Japan) was used to incubate these samples. Subsequently, the
ImmPACT DAB Peroxidase Substrate Kit (Vector Laboratories Inc., Newark, CA, USA) was
used for color development.

2.5. Imaging and Statistical Analysis

The All-in-One fluorescence microscope (Keyence BZ-9000, Keyence, Osaka, Japan)
was used to visualize the biological reactions in the stained specimens. The collagen fiber
area in the graft stained with Sirius red staining was measured, and the tissue infiltration
rate was calculated from the ratio to the area of the TGSF graft. The graft area was
measured by combining the graft layer and the intima layer. The collagen fiber area was
defined as the collagen fiber area observed within the TGSF graft area. The TGSF graft
diameter was calculated by dividing the graft lumen circumference by the circumference
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ratio. The lumen circumference was measured by tracking the lumen surface freehand.
The endothelialization rate was calculated by measuring the distance of the vascular
endothelium stained by CD31 immunostaining and calculating the endothelialization rate
from the ratio to the graft’s long axis length. Data are presented as mean standard error.
One-way analysis of variance was used to compare the means, followed by the Bonferroni
post-hoc test. The commercial statistics software package GraphPad Prism (Version 5.0a,
San Diego, CA, USA) was used for data analysis. Statistical significance was defined as a
p-value of <0.05.

3. Results
3.1. In Vivo Experiment

No fraying was observed at the sutured site during the graft implantation. Addition-
ally, complications, such as uncontrollable bleeding from grafts, were not observed in any
coating. The blood flow blockage time was approximately 30–45 min, and the implantation
time was approximately 45–60 min. Additionally, the rats survived until the scheduled re-
moval date. Abnormalities, such as aneurysm or graft rupture at the anastomotic site, were
observed as a macroscopic graft observation upon removal. All grafts were covered with
a layer of adipose and connective tissues 2 weeks after implantation. Additionally, graft
release from the surrounding tissue was easy (Figure 1). All cases demonstrated that no
occlusion occurred, and thrombus adhesion was not observed on the luminal graft surface.
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Figure 1. Photograph of the VEGF (a), REDV (b), and YIGSR graft (c) 4 weeks after implantation. 
Kinks or aneurysms were not observed in any grafts. The scale bar represents 10 mm. 
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phages, and fibroblasts, around and inside the three types of TGSF grafts in the samples 
obtained at 2 weeks after implantation. Inflammatory cells were observed to fill between 
the fibers of the graft base 4 weeks after implantation. The lumen of these grafts was 
slightly narrowed but not occluded. HE-stained images revealed the presence of a thick 
layer along the luminal surface of the grafts for all TGSF grafts. These structures consisted 
of smooth muscle cells, elastic fibers, and endothelial cells. Differences in the thickness of 
these layers were not observed among the three types of TGSF grafts (Figure 2). Addition-
ally, no significant difference was found in lumen diameter in the three types of TGSF 
graft group at 2 and 4 weeks after implantation (Figure 2p). 

Figure 1. Photograph of the VEGF (a), REDV (b), and YIGSR graft (c) 4 weeks after implantation.
Kinks or aneurysms were not observed in any grafts. The scale bar represents 10 mm.

3.2. Histpathologic Examination

HE images revealed inflammatory cells, including neutrophils, lymphocytes, macrophages,
and fibroblasts, around and inside the three types of TGSF grafts in the samples obtained at
2 weeks after implantation. Inflammatory cells were observed to fill between the fibers of
the graft base 4 weeks after implantation. The lumen of these grafts was slightly narrowed
but not occluded. HE-stained images revealed the presence of a thick layer along the
luminal surface of the grafts for all TGSF grafts. These structures consisted of smooth
muscle cells, elastic fibers, and endothelial cells. Differences in the thickness of these
layers were not observed among the three types of TGSF grafts (Figure 2). Additionally, no
significant difference was found in lumen diameter in the three types of TGSF graft group
at 2 and 4 weeks after implantation (Figure 2p).
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Figure 2. Histological cross-section images of HE staining 2 weeks after implantation in (a) VEGF, 
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REDV, and (i) YIGSR grafts and higher magnification in (j) VEGF, (k) REDV, and (l) YIGSR grafts. 
Histological images of HE staining 4 weeks after implantation and higher magnification in (m) 
VEGF, (n) REDV, and (o) YIGSR grafts. Inflammatory cells were observed to fill between the fibers 
of the graft base 4 weeks after implantation. The black arrows indicate silk fibers. The scale bar 
represents 500 µm in (a–c) and (g–i), 200 µm in (d–f) and (j–l), and 50 µm in (m–o). (p) Lumen 
diameter was calculated from the HE staining results. No significant difference was observed in any 
transgenic silk fibroin grafts at any period. 

Sirius-red-stained images revealed that collagenous fibers were gathered around the 
graft. The collagen fibers were confirmed to mainly gather on the outside of the graft 2 
weeks after implantation and partly infiltrated into the inside of the graft. The amount of 
collagen fiber inside the graft increased and was confirmed as a layer on the innermost 
side of the graft 4 weeks after implantation. These results revealed similar trends for the 
three types of TGSF grafts (Figure 3). 

The comparison of the tissue infiltration rate revealed no significant difference in the 
tissue infiltration rate between any groups 2 weeks after implantation. The tissue infiltra-
tion rates of VEGF and REDV were 31.4% ± 9.0% and 34.5% ± 6.6% at 4 weeks after im-
plantation, respectively, and more collagen fibers were confirmed to be infiltrated com-
pared to 21.09% ± 2.17% of YIGSR. Additionally, a significant increase in the tissue infil-
tration rate was observed in REDV 2 weeks and 4 weeks after implantation (Figure 3g). 

Figure 2. Histological cross-section images of HE staining 2 weeks after implantation in (a) VEGF,
(b) REDV, and (c) YIGSR grafts and higher magnification in (d) VEGF, (e) REDV, and (f) YIGSR
grafts. Histological cross-section images of HE staining 4 weeks after implantation in (g) VEGF,
(h) REDV, and (i) YIGSR grafts and higher magnification in (j) VEGF, (k) REDV, and (l) YIGSR grafts.
Histological images of HE staining 4 weeks after implantation and higher magnification in (m) VEGF,
(n) REDV, and (o) YIGSR grafts. Inflammatory cells were observed to fill between the fibers of the
graft base 4 weeks after implantation. The black arrows indicate silk fibers. The scale bar represents
500 µm in (a–c,g–i), 200 µm in (d–f,j–l), and 50 µm in (m–o). (p) Lumen diameter was calculated
from the HE staining results. No significant difference was observed in any transgenic silk fibroin
grafts at any period.

Sirius-red-stained images revealed that collagenous fibers were gathered around the
graft. The collagen fibers were confirmed to mainly gather on the outside of the graft
2 weeks after implantation and partly infiltrated into the inside of the graft. The amount of
collagen fiber inside the graft increased and was confirmed as a layer on the innermost side
of the graft 4 weeks after implantation. These results revealed similar trends for the three
types of TGSF grafts (Figure 3).

The comparison of the tissue infiltration rate revealed no significant difference in
the tissue infiltration rate between any groups 2 weeks after implantation. The tissue
infiltration rates of VEGF and REDV were 31.4% ± 9.0% and 34.5% ± 6.6% at 4 weeks
after implantation, respectively, and more collagen fibers were confirmed to be infiltrated
compared to 21.09% ± 2.17% of YIGSR. Additionally, a significant increase in the tissue
infiltration rate was observed in REDV 2 weeks and 4 weeks after implantation (Figure 3g).

α-SMA stained images revealed that smooth muscle cells were gathered outside the
three types of TGSF grafts. A thin smooth muscle cell layer was observed in the lumen of
VEGF and REDV 2 weeks after implantation, but only a partial smooth muscle cell layer
was observed on the luminal surface of YIGSR. A thick layer of smooth muscle cells was
observed in the innermost lumen of all TGSF grafts 4 weeks after implantation (Figure 4).
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bar represents 200 µm (a–f). (g) Tissue infiltration rate calculated from Sirius red staining results. 
No difference was observed among the three types of transgenic grafts 2 weeks after implantation, 
but VEGF and REDV grafts demonstrated increased tissue infiltration rates 4 weeks after implanta-
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Figure 4. Histological cross-section images of α-SMA staining 2 weeks after implantation in (a) 
VEGF, (b) REDV, and (c) YIGSR grafts and 4 weeks after implantation in (d) VEGF, (e) REDV, and 
(f) YIGSR grafts. VEGF and REDV grafts demonstrated a thin smooth muscle cell layer (arrow) on 
the luminal surface 2 weeks after implantation, while the YIGSR graft demonstrated an intima but 
only a few smooth muscle cells. VEGF and REDV grafts demonstrated the formation of a thick 

Figure 3. Histological cross-section images of Sirius red staining 2 weeks after implantation in
(a) VEGF, (b) REDV, and (c) YIGSR grafts and 4 weeks after implantation in (d) VEGF, (e) REDV,
and (f) YIGSR grafts. Collagen fibers (pink color) were mainly gathered on the outer circumference
and inside the graft 2 weeks after implantation, and they could also be confirmed on the inner
circumference of the graft 4 weeks after implantation. The black dotted lines indicate the grafts. The
scale bar represents 200 µm (a–f). (g) Tissue infiltration rate calculated from Sirius red staining results.
No difference was observed among the three types of transgenic grafts 2 weeks after implantation, but
VEGF and REDV grafts demonstrated increased tissue infiltration rates 4 weeks after implantation.
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Figure 4. Histological cross-section images of α-SMA staining 2 weeks after implantation in (a) VEGF,
(b) REDV, and (c) YIGSR grafts and 4 weeks after implantation in (d) VEGF, (e) REDV, and (f) YIGSR
grafts. VEGF and REDV grafts demonstrated a thin smooth muscle cell layer (arrow) on the luminal
surface 2 weeks after implantation, while the YIGSR graft demonstrated an intima but only a few
smooth muscle cells. VEGF and REDV grafts demonstrated the formation of a thick intima mainly
composed of smooth muscle cells 4 weeks after implantation, whereas YIGSR grafts formed a partial
or thin smooth muscle cell layer. The scale bar represents 200 µm (a–f).
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CD31-stained images confirmed whether vascular endothelial cells covered the lumi-
nal surface of the graft. No vascular endothelial cells could be confirmed in the central part
of the graft 2 weeks after implantation, but they could be confirmed in the craniocaudal
region from the position. VEGF and REDV demonstrated continuous endothelialization
in the center of the graft 4 weeks after implantation. Endothelialization of the central
part of the graft was hardly observed in YIGSR (Figure 5). The endothelialization rate
was compared between the three types of TGSF graft groups but revealed no significant
difference. REDV had the highest endothelialization rate, followed by VEGF and then
YIGSR (Figure 5d).
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can be controlled by various processing methods [27–29]. Additionally, one of the charac-
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ing genes into silkworms [30–32]. This technique allows the incorporation of VEGF into 
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Figure 5. Histological longitudinal images of CD31 staining of the central part of the graft 4 weeks
after implantation in (a) VEGF, (b) REDV, and (c) YIGSR grafts. VEGF and REDV demonstrated the ap-
pearance of continuous vascular endothelial cells (arrows) in the center of the graft, but YIGSR demon-
strated no or only partial appearance. The scale bar represents 200 µm (a–c). (d) Endothelialization
rate calculated from the CD31 immunostaining results 4 weeks after implantation. REDV graft tended
to have the highest endothelialization rate but with no significant difference among the three types of
transgenic silk fibroin grafts.

4. Discussion

SF has a long history of biocompatibility, having been used as a surgical suture
for many years [23–26]. SF is known to be biodegradable in vivo, and its shape and
properties can be controlled by various processing methods [27–29]. Additionally, one
of the characteristics of SF is its genetic modifiability, and new functions can be acquired
by introducing genes into silkworms [30–32]. This technique allows the incorporation of
VEGF into the SF of bases of the artificial vascular graft and hastening endothelialization
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after implantation [20,33]. Here, we examined the possibility of early endothelialization by
incorporating VEGF, REDV, and YIGSR factors into the SF of the coating part.

Endothelialization was observed in VEGF and REDV, which have properties that act
specifically on vascular endothelial cells and progenitor cells, but endothelialization was
hardly confirmed in YIGSR, which is non-specific, even 4 weeks after implantation. Artifi-
cial vascular graft endothelialization requires the infiltration of microvessels accompanying
tissue invasion [34]. Therefore, endothelialization was not confirmed in YIGSR, where the
tissue infiltration rate of collagen fibers was low. In vitro experiments in which YIGSR was
immobilized on glass revealed its adhesiveness to fibroblasts [35], but microvascularization
that allows fibroblasts to engraft may not have occurred sufficiently in this study. REDV
and VEGF tended to undergo more endothelialization than YIGSR, although no statistically
significant difference was observed in the endothelialization rate. REDV and VEGF are
sequences specific to vascular endothelial cells or vascular endothelial cell progenitor cells,
and the difference in smooth muscle cell aggregation is thought to be one of the reasons for
this difference. α-SMA staining revealed that REDV and VEGF formed a thicker smooth
muscle cell layer than YIGSR. The formation of an intima by vascular smooth muscle cells is
necessary for artificial vascular graft endothelialization because endothelialization of blood
vessels requires support by vascular smooth muscle cells [36,37]. REDV captures vascular
endothelial progenitor cells in the early post-transplantation period, and VEGF promotes
vascular endothelial cell proliferation and induces angiogenesis. These grafts may have
secreted PDGF from vascular endothelial cells early after implantation. PDGF is secreted
from vascular endothelial cells, and it promoted mesenchymal cell proliferation and migra-
tion, including smooth muscle cells [38,39]. Additionally, the insufficient formation of the
smooth muscle layer, which is the foundation of endothelialization, was considered the
reason why continuous endothelialization could not be confirmed in YIGSR, which has
the least smooth muscle cell aggregation. A previous study has reported that modification
of YIGSR enhanced smooth muscle cell migration activity [18]. However, remodeling to
autologous tissue could not be confirmed in YIGSR 4 weeks after implantation in this study.
It was considered the reason that the original function of YIGSR changed after introducing
YIGSR into the SF of the coating or that a sufficient amount of YIGSR was not expressed.

Endothelialization is possible even in a 3 cm graft 4 weeks after implantation. In
the past, our group has confirmed normal-type silk fibroin as a coating and implanted
it into the abdominal aorta of rats; the central part of the artificial vascular graft was
covered with vascular endothelial cells at 3 months after implantation [22]. These results
suggest that the coating using TG SF used in this experiment can contribute to remodeling
to autologous tissue earlier after implantation than the coating using normal-type SF.
Endothelialization due to vascular endothelial cell migration from the graft anastomosis is
approximately 1 cm [33,40]. Therefore, the endothelialization of the central part of the graft
with a length of ≥2 cm is attributed to the proliferation of captured vascular endothelial
cells and vascular endothelial cell progenitor cells in the blood [41]. Endothelialization was
confirmed at the center of the 3 cm long graft, indicating that the cell-adhesive peptide
sequence introduced in this study captured these cells and promoted proliferation.

The physical properties of the TGSF grafts fabricated in this study were not tested.
The same degree of physical properties was thought to be maintained because the same
manufacturing method was used as the substrate used in the previous research [22]. No
uncontrolled bleeding or suture dehiscence was observed in any of the implanted cases,
and no aneurysm formation was confirmed upon extraction, indicating that sufficient
strength was maintained. We have created small-diameter artificial vascular grafts with
a double-raschel knitted base coated with an aqueous SF solution [42]. The base of the
artificial vascular grafts alone cannot be used because a large amount of blood has leaked
from the gaps in the base mesh. However, cell adhesion and infiltration will not occur after
transplantation if the interstices of the artificial vascular grafts are completely embedded,
resulting in insufficient remodeling [43]. Therefore, the coating material must be eluted at
an appropriate time after implantation.
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This study confirmed endothelialization 4 weeks after implantation by TGSF coating
with VEGF and REDV introduced into the H chain. A previous study revealed no endothe-
lialization in normal-type SF-coated vascular grafts 4 weeks after implantation [20]. The
usefulness of TGSF coating for clinical application has been clarified because small-diameter
artificial vascular grafts require endothelialization at an early stage after implantation. How-
ever, to what extent VEGF, REDV, and YIGSR factors are present in the SF of the coating
part has not been demonstrated in this study. In the future, it is necessary to validate
whether the presence of the VEGF, REDV, and YIGSR are contained in the SF of the coating
part. In addition, investigating physical properties and the optimal coating concentration
for practical application is necessary.

5. Conclusions

This study revealed that early endothelialization can be realized using TGSF for
coating. Additionally, the degree of endothelialization and tissue infiltration indicate that
VEGF and REDV were the sequences that showed the most effect on SF small-diameter
artificial vascular grafts among the three peptide sequences used this time.
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